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Resum 
Avui en dia, és essencial la recerca de noves fons d’energia per substituir 
els combustibles fòssils. L’hidrogen suposa una opció amb un gran 
potencial per a complir aquest objectiu. El principal problema que té es la 
seva baixa portabilitat, aleshores ha de ser obtingut gairebé directament 
on necessita ser utilitzat. 
Per aquesta raó, s’ha dut a terme una simulació computacional en tres 
dimensions d’un microreator per a reformat d’etanol vapor (ESR). S’ha 
establert e implementat un model cinètic d’ESR per a un catalitzador de 
Rh-Pd/CeO2. El model inclou la descomposició d’etanol en hidrogen, metà 
i monòxid de carboni, la reacció d’aigua de gas (WGS), el reformat, en 
presència d’aigua, del metà (MSR) en monòxid de carboni o diòxid de 
carboni, per a diferent valors de velocitat d’entrada, pressió i temperatura. 
Resumen 
Hoy en día, es esencial la búsqueda de nuevas fuentes de energía para 
substituir los combustibles fósiles. El hidrógeno supone una opción con 
gran potencial para éste fin. El principal problema que tiene es su baja 
portabilidad, entonces debe ser obtenido casi directamente donde necesita 
ser usado. 
Por ésta razón, se ha realizado una simulación computacional en tres 
dimensiones de un microreactor para el reformado de vapor de etanol 
(ESR). Se ha establecido e implementado un modelo cinético 
correspondiente a un catalizador de Rh-Pd/CeO2. El modelo incluye la 
descomposición de etanol en hidrogeno, metano y monóxido de carbono, 
la reacción de gas de agua (WGS), el reformado, en presencia de agua, 
del metano (MSR) en monóxido de carbono o dióxido de carbono, para 
diferentes valores de velocidad de entrada, presión y temperatura. 
Abstract 
Nowadays, the research of new energy sources to substitute fossil fuels 
is essential. Hydrogen represents an option with plenty of potential for 
this issue. The main problem of this source is its poor portability, so it 
needs to be obtained almost directly where it needs to be used. 
 
For this reason, it has been carried out a three dimensional computational 
fluid dynamics simulation study of ethanol steam reforming (ESR) in a 
monolithic microreactor. It has been established and implemented a 
kinetic model describing the ESR on a Rh-Pd/CeO2 catalyst. The model 
includes the ethanol decomposition into hydrogen, methane and carbon 
monoxide, the water gas shift (WGS) reaction, the reforming, in presence 
of water, of the methane (MSR) in to carbon monoxide or carbon dioxide, 
at different inlet velocities, pressures and temperatures. 
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Chapter 1: 
 Introduction  
 
 
World energy demand is increasing every year and is mostly supplied by fossil 
fuels, even though the usage of renewable energies, such as hydropower, 
wind energy, photovoltaic solar and solar thermal, etc… However, there is a 
need to reduce the dependence on this non-renewable sources because in 
the near future they might not exist, as well as they use accelerates the 
greenhouse effect and pollutes the air that everyone breaths causing, for 
example, lung diseases. 
In the present project is presented an alternative energy source, still in 
development, that could help to reduce or substitute the fossil fuels.  
Hydrogen can be used large number of fields, as an example it could be used 
in car engines to reduce its gas consumption, this might help to reduce the 
carbon dioxide emissions, since the result of its combustion is pure water. 
But it presents some problems as its high diffusivity ratio that makes difficult 
its transport and distribution, so it is necessary to develop technologies that 
permit hydrogen procurement where it is needed.  
In this context several technologies have been developed, the most advanced 
is the fuel cells, which convert chemical energy into electricity. There is 
another one that it is in development that is called ethanol steam reforming 
(ESR). The main scope of this project is obtaining a complete ethanol steam 
reforming 3D model, so once it is done, it will be possible to see which are 
the best performance conditions and then, for example, implement PID 
controller. 
In order to do this, a 3d model including 3 different physics, CFD, heat 
transfer and transport of diluted species has been done using the software 
called COMSOL Multyphisics. The kinetic of the reactions have been based on 
J. Llorca and E. López studies, from the Institut de tècniques energètiques. 
In a nutshell, the present investigation talks about the modelling and 
simulation of a ESR microreactor and the analysis of the first battery of results 
in order to prepare the second iteration of simulations. 
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Chapter 2:  
Objectives and scope of 
the present investigation  
 
 
The main aims of the present investigation are: 
1. Research about the world energy structure. 
 
2. Investigate the advantages, disadvantages and production 
methods of hydrogen. 
 
3. Study the different physics and phenomena that may occur in 
an ESR microreactor. 
 
4. Creation of a complete model of an ESR microreactor using 
COMSOL Multyphisics. 
 
5. Achieve some representative results. 
 
6. Analysis and conclusions of the results. 
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Chapter 3:  
Literature review  
 
 
 
3.1 Fossil fuel dependency  
3.1.1     World energy consumption 
Due to the global economic growing, the increase of the world population as 
well as the technologic development, is estimated that the world primary 
energy demand is going to augment around a 60% between 2014 and 2030, 
achieving 16500 million tonnes of oil equivalent (Mtoe) [1].  
Figure 3.1. World energy consumption. 
The Figure 3.1 shows the percentage distribution of the current world 
consume of energy from 1970 to 2010 [2]. As can be seen in the image, a 
really high percentage of the energy is still produced by fossil fuels, 
contributing to the greenhouse effect as well as other atmospheric problems.  
Taking a look at the evolution of the world energy consumption [3], figure 
3.2, it can be easily seen the fluctuations on the energy consumption due to 
the recent crisis suffered in the last years. Also, the fact that nowadays the 
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most populated countries as well as the countries that have the highest 
industrial production, the emerging economies, have a higher energy 
consumption than the developed economies. If the crisis goes on, it seems 
that the global energy demand will lightly decrease in the next years. 
However, fossil fuels are still the main sources for energy generation.  
 
Figure 3.2. Evolution of the world energy consumption 
3.1.2     Dependency problems of fossil fuels 
As seen before in the figure 3.1, almost 80% of the world energy demand is 
supplied by fossil fuels. Although, the use of these combustibles has 
associated a group of disadvantages: 
- Mismatch between demand and production: 
In 2007, the European Union was importing 82% of its oil and 57% of its gas, 
which then made it the world’s leading importer of these fuels [4]. In 2003 
the EU was importing 77% of its oil. Keeping the tendencies, if the EU energy 
demand do not decrease, probably in the next 25 years it will be imported 
the 80% of the gas and almost all of its oil.  
This shows that if the consumption increase of the main expanding sectors is 
not stopped, approximately the 75% of the EU needs will be imported. 
- Localization of the fossil fuel reservoirs in political instability 
geographies: oil and gas reservoirs are concentrated in a low number 
of countries. More of the 70% of the world oil reservoirs are located in 
countries members of the Organization of Petroleum Exporting 
Countries (OPEC) (Figure 3.3) [5]. As expected, in the year 2020, the 
OPEC will cover only the 50% of the European Union needs, with a 
production of 55 million barrels per day, in front of the 32 million 
barrels per day in the year 2000.  
On the other hand, approximately, half of the gas consumption of the 
European Union is satisfied by gas proceeding from three countries (Russia, 
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Norway, and Algeria). The other half comes from the Middle East. So the 
geopolitical aspects do not facilitate the good working of the fossil fuel 
market. 
-  
Figure 3.3 Countries members of the OPEC. 
 
- Environmental problems associated to its combustion: 
As said by the intergovernmental panel on Climate Change [6] from 1900 
the atmosphere warming has speeded up and the number of record 
temperatures reached the last 25 years would be a tangible proof. The 
Earth has reheated by an average of 0,3 to 0,6°C, due to the intensification 
of a natural phenomenon and essential for the earth survival: the 
greenhouse effect.  
 
The fossil fuel dependency can be translated in the greenhouse gas 
emissions, highlighting between all of them the CO2 (80% of the 
contribution), product of their combustion.  
 
The IPCC estimates that the increase of the temperature may reach 
between 1,4 and 5,8°C at the end of this century if not adopted any action 
on it. 
1.1.3     Legislation   
As explained before, a system based on the use of fossil fuels conducts to 
two fundamental problems: energetic dependency and an environment 
deterioration. Owing to this, the energetic policies are aimed to achieve basic 
security objectives in the energetic supply, energy contribution to increased 
competitiveness of the economy and the integration of environmental 
objectives. 
The current legislation destined to the world environmental protection, 
particularly, those relating to emissions of greenhouse effects, are recently 
taking importance in the energetic activities. This is carrying to the realization 
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of important investments, development of clean energies as well as the 
design of new strategies for the sector. 
This fight against climate change led to adoption of interim targets on the 
Earth Summit in Rio, celebrated in 1992 under the shelter of the United 
Nations. The Rio Convention was followed by Kyoto Protocol to the Framework 
Convention on Climate Change United Nations, adopted on 11 December 
1997 and entered into force on 16 February 2005 (after a sufficient number 
of ratifying countries), by which countries industrialized and transition 
economies pledged more accurately and binding to limit emissions of six 
greenhouse gases (CO2, CH4, N2O, HFCs, PFCs and SF6) between 1990 and 
2008-2012. 
At European level, exists various documents that propose an energetic 
strategy for Europe based on the equilibrium between a sustainable 
development, competitiveness and supply security: 
- Green paper: A European Strategy for Sustainable, Competitive and 
Secure Energy. 
- Green paper: A 2030 framework for climate and energy policies. 
- Green paper: on insurance of natural and man-made disasters. 
- Green paper: EU development policy in support of inclusive growth and 
sustainable development. 
- Green paper on Forest Protection and Information in the EU: Preparing 
forests for climate change. 
- White paper: Adapting to climate change: Towards a European 
framework action. 
- White paper: Roadmap to a Single European Transport Area: Toward 
a competitive and resource efficient transport system. 
- Etc… 
They propose: 
- An interior energy market relatively competitive, which guarantees the 
security of supplying energy at low prices. This requires solidarity 
between members of the EU. 
 
- The global greenhouse effect emissions should reach its culminant 
point before 2025 and then decrease between 15-50% its levels from 
1990. The width of this challenge calls for an immediate European 
reaction, specifically on the energetic efficiency and renewable sources 
aspects. Furthermore, this will help to enforce the supply security in 
addition to limit the current dependency on imported energy. 
 
- The reduction of energy consumption, rationalizing the use of classical 
particular vehicles in urban centres and  fomenting clean urban public 
transports, as well as expanding the use of hydrogen as a carburant 
for the future vehicles. 
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- Increasing the share of renewable energy and low energy carbon 
carriers, particularly alternative fuels transport, as have a negligible 
potential to strengthen security of supply Europe, although its 
development requires political and economic efforts extremely 
important. In the medium term, renewables are the only energy source 
that the European Union has some leeway to increase supply in the 
current circumstances. 
 
 3.2 Hydrogen  
 
3.2.1     Hydrogen importance 
In order to reduce the derivate problems due to the use of fossil fuels, it is 
necessary a big development of alternative technologies and the energy 
systems restructuration.  
The “Septimo programa marco de la comunidad europea para acciones de 
investigacion, Desarrollo tecnologico y demostracion (2007-2013)” 
recognizes that there is no unique solution to the energy problems, but a wide 
range of technologies: renewable energies, carbon dioxide capture and 
sequestration, economically viable biofuel…, and the use of new energy 
vectors. In this sense, the European Union supports the intensification of the 
investigation in this field, in view of, particularly, exploring new solutions 
associated to the use of hydrogen as an alternative energy vector [7, 8]. 
Is not possible to find free hydrogen in the nature, but as part of compounds 
like hydrocarbons and water. Therefore, hydrogen can be produced from one 
of these raw materials through an energy contribution. Later, while it’s 
consumed in order to produce energy, is released as water, without producing 
any other emission. In this way, it cannot be destroyed, as the hydrocarbons, 
and simply changes state [9].  
Thus, it is considered that hydrogen can be the future energy vector and his 
use a long-term option to reduce environmental emissions [10].   
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In this context, borns the idea of “Hydrogen Economy” takes place. This 
means that hydrogen would be used as a system to store and transport the 
energy produced by renewable sources in different places, in order to supply 
energy at the points of consumption. So, the combination of renewable 
sources for “clean” energy production as well as its use for the purpose of 
hydrogen generation is the base of its technological development. The figure 
3.4 shows an example of a supply-consume system based on a hydrogen 
economy, while the table 3.1 collects the improvements obtained on a 
hydrogen economy versus the current oil economy.  
Figure 3.4. The Hydrogen economy. 
 
Although, one of the basic problems to develop this energy system is its high 
monetary cost in comparison with the current system. If the negative 
environmental effects of the current system are taken into account the 
hydrogen economy could be more competitive [11].  
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Table 3.1. Improvements achieved through a hydrogen economy. 
Environmental Effects Origin of the problem Long-term effects of a 
hydrogen economy  
Greenhouse effect  CO2 and CH4 emission Reduction of the global 
warming till zero in 50 
years 
Acid rain (Lakes 
pollution, deterioration of 
buildings...) 
SO2 emission in the 
carbon combustion to 
generate electricity  
The electricity generation 
through H2 does not 
produce toxic emissions 
Ozone depletion   Fluor-hydrocarbon 
refrigerant compounds 
Thermoelectric 
refrigeration from fuel 
cells 
Cancer inhalation of Gasoline 
and derivative products 
of its combustion 
H2 substitutes gasoline 
Inhibition of plankton 
formation 
Oil spills at sea The use of oil will 
decrease as hydrogen 
solar cells increases 
Pollution Trash, residues, etc. It is possible to pyrolyze 
the residues with H2, 
obtaining CH4 + C2H4 
useful for synthesis. 
Contamination and 
storage 
Nuclear residues  Decreasing of nuclear 
energy use 
 
However, the costs reduction, the improvement of the efficiency and the 
opening of new markets in these new technologies are a matter of time, given 
the large I+D effort in addition to increasing business interest. 
Between the properties that make hydrogen an ideal candidate to solve the 
future energy problem, the following ones can be remarkable [12]: 
- Is the most abundant element in the universe, although it is not 
possible to find it free in the nature, rather, it is bound to compounds 
with other atoms, particularly to carbon in hydrocarbons and to oxygen 
in the water.  
- Can be obtained through a multiple sources, such as renewables or 
non-renewables. 
- Uncolored, odorless, nontoxic, the lightest of all compounds as well as 
it has the highest energy-mass ratio of all known fuels.  
- The product of using hydrogen as an energy source is water. In 
consequence there are no toxic emissions, what is important for 
transports.  
- The conversion of hydrogen to electricity and vice versa has a high 
efficiency. 
- It has a really high diffusion coefficient, so in case of accident it will 
disperse quickly avoiding explosion risks.  
- 15 - 
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- When combined with oxygen, it can produce electricity directly in 
electrochemical process, surpassing the Carnot cycle efficiency that 
affects the thermodynamic cycles used in the majority of the power 
generating plants.  
 
Even so, there are some disadvantages [12]: 
- Requires tons of energy obtain liquid hydrogen. 
- Due to its high diffusivity, the proportion of losses through nozzles or 
leaks is 3 to 5 times higher than CH4 or gas. However, the energy lost 
is almost the same.  
- It is difficult to detect as well as its flame is uncolored.  
- Its transport through pipelines is less efficient than other gases. 
- Has a lower energy-volume ratio as gas or liquid, more or less a third 
part of the gas or gasoline.  
3.2.2   Hydrogen Applications  
The main sectors that use hydrogen are shown in the Figure 3.5 [13]. The 
following chart shows the quantities of hydrogen used by major industries in 
Western Europe. The total is 19 Mtoe (19% in the graph) per year.  
Figure 3.5. Graph showing breakdown of today’s hydrogen consumption in 
Western Europe.  
Below, the main applications of hydrogen are discussed [14]: 
Industrial Applications 
While in the last years hydrogen has taken notorious relevance as a possible 
future fuel, its applications in industry are well known: 
- Chemical Industry: hydrogen is mainly used in hydrogenation 
processes or as a reducer agent in redox reactions. The next mentioned 
processes are some of the most important ones: 
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o Refinery processes: hydrogenation processes in refinery have as 
principal aim obtaining light fractions of crude oil from heavier 
fractions, increasing their hydrogen content and diminishing 
their molecular weight. Simultaneously undesired elements as 
sulfurs, nitrates and metals can be eliminated.  
 
o Ammonia synthesis: Ammonia is obtained through a catalytic 
reaction between nitrogen and hydrogen. 
 
o Carbon treatment: It is possible to obtain different liquids and/or 
gases by treatment of coal in the presence of hydrogen, under 
different conditions of pressure, temperature. 
 
o Exploitation of synthesis gases: Methanol synthesis, Fisher-
Tropsch synthesis, methane synthesis, etc… 
 
o Organic synthesis: Hydrogen participates in a large number of 
hydrogenation and reduction processes in order to obtain 
intermediate and chemical products. 
 
o Inorganic synthesis: Is an essential element in the production of 
HCl, H2O2, hydroxylamines…  
 
- Metallurgic industry: It is used in order to obtain non-oxidative 
atmospheres, necessaries in certain processes or for thermal 
treatments. Also, is used as a reductive agent for the production of 
iron and in the production of non-ferric metals (as copper, nickel, 
uranium, molybdenum, etc…). Furthermore, hydrogen is used in small 
portions in different cutting processes and welding, superficial 
treatments, etc… 
- Electronic industry: hydrogen is used to manufacture some electronic 
components. In example, for producing doped semiconductors. 
 
- Others:  
o In the glass industry is used for thermal polish, giving an 
exceptional surface finish.  
o Food industry uses hydrogen to modify the physic-chemical 
properties, as the boiling point, chemical stability, and colour 
diminution, in some lipids, oils and fatty acids. 
o Used as fuel by aerospace ships.  
o Hydrogen Plasma. 
o Etc… 
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Energetic Applications 
As mentioned before, hydrogen has become more relevant, in the last years, 
due to its use possible as a non-contaminant fuel [14].  
Hydrogen can be directly burned in order to generate electricity in gas 
turbines as well as in combined cycles or can be used as fuel for internal 
combustion engines or fuel cells.  
The main advantages of this element are focused on the high efficiency that 
can be reached in addition that the unique product of its reaction is water 
vapour, without generating nitrous oxides (NOx), whether temperature is 
controlled to inhibit the reaction between nitrogen and atmospheric oxygen.  
Neither carbon dioxide is produced in this reaction, avoiding contributions to 
the greenhouse effect. 
In relation with the use of hydrogen as a fuel, the next three applications are 
the main ones: 
- Direct combustion: The combustion of hydrogen with pure oxygen 
conducts to pure water vapour formation: 2𝐻𝐻2  +  𝑂𝑂2 → 2𝐻𝐻2𝑂𝑂  
The area where the flame is produced achieves temperatures superiors 
to 3.000°C. As a consequence, there are problems with the materials 
of the gadgets used and NOx generation. 
Some sort of solutions are proposed, for example injecting water into 
the hydrogen flow or the use of platinum based catalysts, reducing the 
temperature needed for the reaction to media temperature to 500°C. 
 
- Combustion engines: Currently, hydrogen is used in aerospace 
industry. They use it as fuel for aerospace vehicles, in addition to 
energy supply for computers and support systems in the space), 
obtaining water as a sub-product. Even though aerospace industry is 
the main customer, nowadays researchers are investigating the use of 
hydrogen as a fuel for Stirling motors and internal combustion engines. 
Recent investigations claimed that hydrogen based engines are 20% 
more efficient than gasoline engines. 
This is due to the high flammability ratio and the high diffusivity, by 
which is possible to obtain more homogenous mixtures. However not 
everything is positive, and as mentioned in anterior points, hydrogen 
has a low volume-energy density. 
 
- Fuel cells: The revolution that supposes the “Hydrogen Economy” is 
based on the use of this gas through fuel cells. Just a brief explanation 
of its way of performance is going to be explained: 
 
Fuel cells are electrochemical systems where the chemical energy of 
the reaction is directly converted into electricity. Hydrogen is injected 
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at the anode, while at the cathode oxygen, or other oxidative gases, is 
introduced. Both are separated by an ion conductor electrolyte. As a 
consequence, an electrical current is generated between both 
electrodes that, unlike conventional batteries, it never goes off nor 
needs to be recharged, it just needs a continuous supply of the 
reactants to go on working. The global reaction is: 
𝐻𝐻2  + 12𝑂𝑂2 → 𝐻𝐻2𝑂𝑂 + 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸   (𝐸𝐸° = 1,23 𝑉𝑉) 
The process is not limited by the Carnot cycle, so it is possible to 
achieve superior efficiencies than other conventional processes. 
Adding the use of electrical engines and the new generation batteries 
these technology could be the substitute of the actual internal 
combustion engines and other fossil fuel based technologies. 
 
3.2.3     Hydrogen production 
There are different processes as well as different raw materials. Since 
hydrogen is almost always combined with other elements in the nature, for 
example combined with hydrogen forming water, there is a need to develop 
different technologies to split these molecules and obtain the precious 
hydrogen. The different ways are resumed in the following chart, Figure 3.7 
[15]. 
 
 
. 
Figure 3.7. Hydrogen production paths. 
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The different hydrogen production processes are: 
- Water electrolysis: The process consists in the rupture of the water 
molecule, by providing an electrical current. The molecule splits and 
hydrogen and oxygen are obtained. This process is environmental 
friendly, yet it does not produce CO2 during it. However, the way the 
electricity is produces may have toxic emissions.  
 
Figure 3.8. Schema of the water electrolysis process. 
The next figure 3.8 schematically shows the process of water 
electrolysis. 
The process has an efficiency around 72%. Therefore, if this hydrogen 
is going to be used for energetic applications, the electrical conversion 
and the transportation efficiency, plus to the water electrolysis 
efficiency, produce that less than 30% of the energetic content of the 
raw material is taken.  
 
Other problems are the low reliability of the equipment used by these 
installations in addition to the high energy costs.  
 
- Gasification: It is an incomplete combustion process from fossil fuels 
or liquids for synthesis gas obtainment.  
 
In the case of carbon, this is treated with steam for obtaining carbon 
monoxide and hydrogen. The resulting reaction is really endothermic 
(∆𝐻𝐻 = 119 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝐸𝐸), also it needs high temperatures to occur, therefore 
a little quantity of oxygen is added so a partial oxidation takes place 
giving off energy: 
𝐶𝐶 + 𝐻𝐻2𝑂𝑂 → 𝐶𝐶𝑂𝑂 + 𝐻𝐻2 
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𝐶𝐶 + 12𝑂𝑂2 → 𝐶𝐶𝑂𝑂 
If the raw material is biomass, for example cellulose, the gasification 
process has different depolymerisation steps, fuel forming reactions 
and methane conversion: 
 
𝐶𝐶6𝐻𝐻10𝑂𝑂5  +  𝑎𝑎𝑂𝑂2  →  𝐶𝐶𝐻𝐻4  +  (5 –  𝑎𝑎)𝐶𝐶𝑂𝑂 +  𝑎𝑎𝐶𝐶𝑂𝑂2  +  (3 − 𝑎𝑎)𝐻𝐻2  +  𝑎𝑎𝐻𝐻2𝑂𝑂 
𝐶𝐶6𝐻𝐻10𝑂𝑂5  +  𝑎𝑎𝐻𝐻2𝑂𝑂 →  𝐶𝐶𝐻𝐻4 +  (5 –  𝑎𝑎)𝐶𝐶𝑂𝑂 +  𝑎𝑎𝐶𝐶𝑂𝑂2 +  (3 +  𝑎𝑎)𝐻𝐻2 
𝐶𝐶𝐻𝐻4  +  𝐻𝐻2𝑂𝑂 ↔  𝐶𝐶𝑂𝑂 +  3𝐻𝐻2 
 
To obtain a good performance of the resulting gaseous mixture, is 
necessary a minimum temperature of 700°C, consequently, this 
process is done between 800 and 1.500°C. It also requires a high 
energy cost, but not high as the electrolysis. Unlikely, huge amounts 
of carbon dioxide are produced that, in the case of carbon it is true 
that generates environmental problems, although if biomass is used 
there are no drawbacks since the quantity of CO2 produces is the same 
as the amount assimilated by the ambient for the production of that 
biomass, so it is balanced and the contribution to the greenhouse effect 
is null.  
 
The efficiency of this process is relatively low. 
 
- Partial oxidation: It consists in an exothermic reaction in which a fuel 
reacts with an inferior quantity of oxygen required to produce the 
complete combustion, obtaining hydrogen. The global reaction is: 
 
𝐶𝐶𝑛𝑛𝐻𝐻𝑚𝑚 + 𝑛𝑛 + 𝑎𝑎2 𝑂𝑂2 → (𝑛𝑛 − 𝑎𝑎)𝐶𝐶𝑂𝑂 + 𝑎𝑎𝐶𝐶𝑂𝑂2 + 𝑚𝑚2 𝐻𝐻2 
 
It has a good advantage, the technology used to perform the process 
is very developed, but this process gives off CO2, which is a problem, 
since the raw materials from which it splits normally are fossil fuels. 
 
The partial oxidation efficiency are among 70 and 80%.  
 
- Steam reforming: This procedure is going to be treated deeply in the 
following subchapter.  
 
Roughly, the fuel reacts with steam forming carbon dioxide and 
hydrogen: 
𝐶𝐶𝑛𝑛𝐻𝐻𝑚𝑚  +  𝑛𝑛 𝐻𝐻2𝑂𝑂 →  𝑛𝑛𝐶𝐶𝑂𝑂 +  (𝑚𝑚/2 +  𝑛𝑛)𝐻𝐻2 
𝐶𝐶𝑂𝑂 +  𝐻𝐻2𝑂𝑂 ↔  𝐶𝐶𝑂𝑂2 +  𝐻𝐻2 
𝐶𝐶𝑛𝑛𝐻𝐻𝑚𝑚  +  2 · 𝑛𝑛 𝐻𝐻2𝑂𝑂 →  𝑛𝑛𝐶𝐶𝑂𝑂2  +  (𝑚𝑚/2 +  2 · 𝑛𝑛)𝐻𝐻2 
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It is an endothermic reaction, so an additional heat input is necessary 
for the reaction to occur. This may be solved without affecting the 
environment, for example through a heat input generated by 
renewable sources, or using biofuels, etc… 
As the partial oxidation, this technology is quite developed, but it has 
advantages over the partial oxidation, principally it has a lower cost 
and a higher conversion ratio (over 90%). On the other hand, it has 
also the same problem, it generates carbon dioxide, but, however the 
contribution to the greenhouse effect will depend on the raw material 
used for the process.  
 
Alcohols have demonstrated good characteristics for hydrogen 
production, they easily decomposing in the presence of water by steam 
reforming. In example:  
𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻 +  𝐻𝐻2𝑂𝑂 →  𝐶𝐶𝑂𝑂2 +  3𝐻𝐻2 
𝐶𝐶2𝐻𝐻5𝑂𝑂𝐻𝐻 +  3𝐻𝐻2𝑂𝑂 →  2𝐶𝐶𝑂𝑂2 +  6𝐻𝐻2 
 
Methanol steam reforming has been widely studied, but the main 
inconvenient, plus his high toxicity, is its origin from non-renewable 
fuels. Meanwhile, ethanol can be used for its:  
 
o High hydrogen content. 
o Good availability and low production costs.  
o Easy and safe manipulation, transportation, storing, etc…  
o Possible logistic net distribution like conventional gas stations.  
o Can be produced from biomass. 
 
Finally, in the following table 3.2 it is compared the most important processes 
for obtaining hydrogen. In agreement with what is exposed, it can be deduced 
that steam reforming is a very viable option for its high conversion ratio and 
low investment costs. However, as said in the anterior point, the process has 
the inconvenient of CO2 generation if the raw materials are alcohols or fossil 
fuels. Although, if the process is done with alcohol vapours (methanol and 
ethanol) obtained from biomass fermentation (bio-alcohols), the global CO2 
emissions could be considered null, yet that the CO2 generated during the 
steam reforming would be the same that the carbon previously captured and 
used by the plants as well as the microorganisms, used for the obtaining of 
the bio-alcohol, during the development of their metabolism. On the other 
hand, it has to be considered the toxicity of methanol, that creates a big 
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problem during its manipulation, while ethanol is not toxic and, furthermore, 
its obtaining is simple and accessible from biomass. 
Nevertheless, given the diversity of the raw materials and technologies, this 
is only one of the multiple alternatives. For the implantation of an economic 
sustainable system based on hydrogen, it would be necessary to choose the 
most adequate for every single scenario having into account el environmental 
impact, the jobs generated in addition to the local raw materials available. 
Whence, the selected process for the present project for hydrogen generation 
is the steam reforming. 
Table 3.2. Comparative between processes for hydrogen generation 
Process Advantages Disadvantages 
Water 
electrolysis 
Minimum CO2 emissions 
High purity hydrogen 
Tested technology 
High energetic costs 
Gasification Development of the 
technology 
Abundant raw materials 
Low cost of the raw 
materials 
Big CO2 emissions 
Low efficiency 
Huge infrastructure  
Partial oxidation Technology used very 
advanced 
CO2 emissions 
High investment costs  
Big infrastructure 
Steam reforming High efficiency 
Perfectly developed at big 
scale 
Low cost hydrogen 
CO2 emissions by raw 
materials 
Big infrastructure 
No commercial small units 
 3.3 Steam reforming with ethanol  
 
The catalytic steam reforming of ethanol is an endothermic process where 
the heat of reaction needs to be supplied from an external source. It is a very 
complex reaction system in which a lot of elemental reactions are possible. 
The main reaction mechanisms involve dehydration or dehydrogenation 
reactions.  
The dehydration reactions produce intermediate products as ethylene, which 
easily transforms into carbon that is deposited on the active phase, producing 
the catalyser poisoning, diminishing the efficiency of hydrogen production and 
reducing the operating time of the catalyser. Some reaction paths can be 
favoured by the catalyser used. [16]. 
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3.3.1  Ethanol production 
Nowadays, the preferred commercial path for ethanol production is the 
ethylene hydration, which is produced by thermal cracking of naphtha. 
However, to the need of avoiding the use of products derived from fossil fuel 
derived and the increasing demand of ethanol as combustible, is sought the 
possibility of producing bioethanol in massive quantities from the 
fermentation of biomass carbohydrates, such as sugars, starch or cellulose, 
from sugarcane, cereals, agricultural or forest residues and urban organic 
waste. 
This mode of obtaining is interesting since, after the reaction for obtaining 
hydrogen, all the CO2 generated closes the carbon cycle, yet is the same that 
microorganisms needed for ferment the sugars into alcohol, way that, with 
every tone of ethanol used as replacement of traditional fuels the CO2 
emissions diminish 2,3 tones approximately. 
In the Figure 3.9 [17], it is shown the global ethanol production by country 
or region and year from 2007 to 2012. Clearly, the United States of America 
and Brazil are the world main ethanol producers, nearly 85% of the whole 
production. The ethanol production costs are intimately related to the raw 
material used, composition of it and volume of the product that wants to be 
obtained. Thus, the success of any crop development plan, for ethanol 
production, depends on the raw material according to its production methods 
and location.  
 
 
Figure 3.9. Global ethanol production by country/region and year. 
3.3.2  Ethanol reforming: Process and Schematization  
As mentioned in anterior paragraphs, in the global process of ethanol 
reforming a molecule of said alcohol reacts with three molecules of water in 
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order to obtain two molecules of carbon dioxide and six of hydrogen, 
according to the following reaction:                                   𝐶𝐶2𝐻𝐻5𝑂𝑂𝐻𝐻 + 3𝐻𝐻2𝑂𝑂 → 2𝐶𝐶𝑂𝑂2 + 𝐻𝐻2                                   (∆𝐻𝐻°298 = +347,4 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸) 
The ethanol steam reforming is developed in three main steps: 
- Reforming reaction: In this step, ethanol is introduced in a reactor 
where it thermally breaks in order to give species with less carbon 
content, which can react with steam on the catalysers to produce a 
mixture of hydrogen and other components as methane, carbon 
monoxide, carbon dioxide, acetaldehyde, ethylene or acetone. 
 
- Water-gas shift reaction: This is a really important phase, because 
besides producing more hydrogen, takes off the carbon monoxide 
which is the main reason of the catalyser poisoning. WGSR is a 
reversible reaction, so it can be done at low temperature, favouring 
the formation of hydrogen and carbon dioxide, or at high temperature, 
limiting the carbon monoxide conversion. This temperatures depend 
on the catalyser used. Industrially, at high temperature, it is used as 
chrome catalyser as well as iron monoxide promoter and, at low 
temperature, copper oxide and zinc.  
 
- Purification: it can be done by different methods, as methanation, with 
which is it possible to reduce the carbon monoxide quantity till values 
lower than 10ppm, or pressure swing adsorption, cryogenic distillation 
or membrane reactors, with which a 99,9% pure hydrogen can be 
obtained.  
 
The steam reforming stages, water-gas shift reaction and methanation can 
occur simultaneously in just one steam reforming reactor (reformator), 
depending on the type of catalyser used. Different catalysers can give place 
to a distinct composition of the effluent stream, since this process can elapse 
by different ways: 
- Ethanol dehydration to ethylene with posterior steam reforming or 
polymerization coke: 
o Dehydration: 
𝐶𝐶2𝐻𝐻5𝑂𝑂𝐻𝐻 ↔  𝐶𝐶2𝐻𝐻4 + 𝐻𝐻2𝑂𝑂                                           (∆𝐻𝐻°298 = +45 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸)     
o Reforming: 
𝐶𝐶2𝐻𝐻4 + 2𝐻𝐻2𝑂𝑂 ↔  2𝐶𝐶𝑂𝑂 + 4𝐻𝐻2                                               (∆𝐻𝐻°298 = +210 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸) 
o Polymerization: 
 
𝐶𝐶2𝐻𝐻4 → 𝐸𝐸𝑚𝑚𝑘𝑘𝐸𝐸 
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- Ethanol decomposition to methane and posterior steam reforming: 
o Decomposition: 
𝐶𝐶2𝐻𝐻5𝑂𝑂𝐻𝐻 ↔  𝐶𝐶𝐻𝐻4 + 𝐻𝐻2 + 𝐶𝐶𝑂𝑂                                     (∆𝐻𝐻°298 = +49 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸)    
o Reforming:  𝐶𝐶𝐻𝐻4 + 2𝐻𝐻2𝑂𝑂 ↔  4𝐻𝐻2 + 𝐶𝐶𝑂𝑂2                                      (∆𝐻𝐻°298 = +165,1 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸)    
- Ethanol dehydrogenation to acetaldehyde, and posterior 
decarbonylation and/or steam reforming: 
o Dehydrogenation: 
𝐶𝐶2𝐻𝐻5𝑂𝑂𝐻𝐻 ↔  𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑂𝑂 + 𝐻𝐻2                                         (∆𝐻𝐻°298 = +68 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸)    
o Decarbonylation: 
𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑂𝑂 ↔  𝐶𝐶𝐻𝐻4 + 𝐶𝐶𝑂𝑂                                                (∆𝐻𝐻°298 = −19 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸)    
o Reforming: 
𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑂𝑂 + 𝐻𝐻2𝑂𝑂 →  2𝐻𝐻2 + 2𝐶𝐶𝑂𝑂                                  (∆𝐻𝐻°298 = +187 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸)    
- Ethanol decomposition to acetone and posterior reforming: 
o Decomposition: 2𝐶𝐶2𝐻𝐻5𝑂𝑂𝐻𝐻 →  𝐶𝐶𝐻𝐻3𝐶𝐶𝑂𝑂𝐶𝐶𝐻𝐻3 + 3𝐻𝐻2 + 𝐶𝐶𝑂𝑂                      �∆𝐻𝐻°298 = +74 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸� 
o Reforming: 
𝐶𝐶𝐻𝐻3𝐶𝐶𝑂𝑂𝐶𝐶𝐻𝐻3 + 2𝐻𝐻2𝑂𝑂 → 5𝐻𝐻2 + 3𝐶𝐶𝑂𝑂                            �∆𝐻𝐻°298 = +182 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸�  
- Ethanol reforming to synthesis gas: 
𝐶𝐶2𝐻𝐻5𝑂𝑂𝐻𝐻 + 𝐻𝐻2𝑂𝑂 → 4𝐻𝐻2 + 2𝐶𝐶𝑂𝑂                                                    �∆𝐻𝐻°298 = +256 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸� 
- Methane steam reforming: 
𝐶𝐶𝐻𝐻4 + 𝐻𝐻2𝑂𝑂 ↔ 3𝐻𝐻2 + 𝐶𝐶𝑂𝑂                                                              �∆𝐻𝐻°298 = +206,3 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸� 
- Wate-gas shit reaction: 
𝐶𝐶𝑂𝑂 + 𝐻𝐻2𝑂𝑂 ↔ 𝐻𝐻2 + 𝐶𝐶𝑂𝑂2                                                                  �∆𝐻𝐻°298 = −41,2 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸� 
- Methanation from CO and CO2 with hydrogen formed during the 
reaction: 
𝐶𝐶𝑂𝑂 + 3𝐻𝐻2 → 𝐶𝐶𝐻𝐻4 + 𝐻𝐻2𝑂𝑂                                                              �∆𝐻𝐻°298 = −206 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸� 
𝐶𝐶𝑂𝑂2 + 4𝐻𝐻2 → 𝐶𝐶𝐻𝐻4 + 2𝐻𝐻2𝑂𝑂                                                          �∆𝐻𝐻°298 = −165,1 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸� 
- Coke formation: 
o Methane decomposition: 
𝐶𝐶𝐻𝐻4 → 2𝐻𝐻2 + 𝐶𝐶                                                                               �∆𝐻𝐻°298 = 75,6 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸� 
o Boudouard reaction: 2𝐶𝐶𝑂𝑂 ↔ 𝐶𝐶𝑂𝑂2 + 𝐶𝐶                                                               �∆𝐻𝐻°298 = −171,5 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸� 
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Referring to the reaction shown, it is possible to pose a simplified schema of 
the reaction mechanism considering uniquely the most frequent steps 
referred on the biography in the figure 3.10. 
 
Figure 3.10. Ethanol steam reforming simplified schema. 
3.3.3  Catalysers  
Catalysers used in ethanol steam reforming can favour some ways among the 
others, offering the possibility of avoiding the formation of undesired 
products. Also, the complete conversion of ethanol is essential for an 
economic process, and the catalyser has a really important role in order to 
achieve this, since it increases the reaction rate so the system tends to 
thermodynamic equilibrium. Therefore, the catalyser election has a vital role 
in the reforming process [16]. 
These catalysers must be active on a width temperature range, with high 
hydrogen selectivity and low selectivity for undesired products as well as 
strong. 
In general, transitional metals have demonstrated a good activity level and 
selectivity for the ethanol steam reforming. Its catalytic activity is based on 
the electronic properties of the metallic bond [30]. The main problem 
encountered when using theses catalysers is the deactivation by sintering of 
metallic particles and the carbon decomposition on the same due to its low 
H/C and O/C ratios in the feed stream and high temperatures used. 
In the last years multiple publications comparing the properties of different 
supported active phases for hydrogen production through an ethanol steam 
reforming have been published. These works have focused in the study of the 
catalytic activity, hydrogen selectivity and resistance to coking. There are a 
lot of different studies but the recent ones have focused on the use of catalytic 
systems based on cobalt, rhodium or nickel.  
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Chapter 4:     
Description of the 
model 
 
 
The current model of the present project is based on an article from Eduardo 
López and Jordi Llorca from the Institut de Tecnologies Energètiques (INTE) 
[18].  
4.1 General Aspects  
 
The figure 4.1 shows the installation used for carrying out the test at INTE. 
Figure 4.1. Experimental installation used by the researchers. 
Briefly, the fluid mixture is pumped from the small recipient on the down left 
corner by a precision pump to the microreactor located in the centre of the 
oven. While the flow goes inside the device, it flows through a metallic pipe 
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that is covered by an electric resistor that heats up and evaporates the fluid 
before enters the oven.  
In the centre of the oven is where the microreactor is placed, this acts like a 
thermal sleeve for isolating the device as well as secures that the fluid inlet 
temperature is the same as its own. 
The microreactor is formed by square microchannels with a characteristic 
length of 9mm and a length of 20 mm, figure 4.2a and 4.2b. 
 
Figure 4.2a & b. Details of the microreactor. 
The catalyser is covered entirely by a Rh-Pd/CeO2 catalyst layer. Therefore, 
the reactions that happen inside the dispositive, according to the paper and 
literature, are [18]: 
- Ethanol decomposition: 
𝐶𝐶2𝐻𝐻5𝑂𝑂𝐻𝐻 ↔  𝐶𝐶𝐻𝐻4 + 𝐻𝐻2 + 𝐶𝐶𝑂𝑂                                                        �∆𝐻𝐻°298 = +49 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸�   
- Water-Gas shift reaction: 
𝐶𝐶𝑂𝑂 + 𝐻𝐻2𝑂𝑂 ↔ 𝐻𝐻2 + 𝐶𝐶𝑂𝑂2                                                                  �∆𝐻𝐻°298 = −41,2 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸� 
 
- Methane steam reforming: 
𝐶𝐶𝐻𝐻4 + 𝐻𝐻2𝑂𝑂 ↔ 3𝐻𝐻2 + 𝐶𝐶𝑂𝑂                                                              �∆𝐻𝐻°298 = +206,3 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸� 
𝐶𝐶𝐻𝐻4 + 2𝐻𝐻2𝑂𝑂 ↔ 4𝐻𝐻2 + 𝐶𝐶𝑂𝑂2                                                           �∆𝐻𝐻°298 = +165,1 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝐸𝐸� 
From the anterior reactions the following simple global kinetic model is 
proposed to represent the synthesis-gas generation by ethanol steam 
reforming: 
𝐸𝐸1 = 𝑘𝑘1𝑝𝑝𝐸𝐸𝐸𝐸                                               (1) 
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𝐸𝐸2 = 𝑘𝑘2 �𝑝𝑝𝐶𝐶𝐶𝐶𝑝𝑝𝐻𝐻2𝐶𝐶 − 𝑝𝑝𝐶𝐶𝑂𝑂2𝑝𝑝𝐻𝐻2𝐾𝐾2 �     (2) 
𝐸𝐸3 = 𝑘𝑘3 �𝑝𝑝𝐶𝐶𝐻𝐻4𝑝𝑝𝐻𝐻2𝐶𝐶 − 𝑝𝑝𝐶𝐶𝑂𝑂𝑝𝑝𝐻𝐻23𝐾𝐾3 �    (3) 
𝐸𝐸4 = 𝑘𝑘4 �𝑝𝑝𝐶𝐶𝐻𝐻4𝑝𝑝𝐻𝐻2𝐶𝐶2 − 𝑝𝑝𝐶𝐶𝑂𝑂2𝑝𝑝𝐻𝐻24𝐾𝐾4 �   (4) 
Where 𝐸𝐸𝑖𝑖 is the reaction rate of equation 𝐸𝐸, 𝑔𝑔𝑐𝑐𝑐𝑐𝐸𝐸 is the grams of catalyst, 𝑘𝑘𝑖𝑖 is 
the reaction rate constant of equation 𝐸𝐸, 𝑝𝑝𝑖𝑖 is the pressure of specie 𝐸𝐸 and 𝐾𝐾𝑖𝑖      
is the equilibrium constant of equation 𝐸𝐸.  
The reaction rate constants 𝑘𝑘𝑖𝑖 have a dependence with the temperature 𝑇𝑇 by 
means of an Arrhenius law: 
𝑘𝑘𝑖𝑖 = 𝑘𝑘∞,𝑖𝑖𝐸𝐸−𝐸𝐸𝑖𝑖/𝑅𝑅𝑅𝑅     (5) 
Where 𝑘𝑘∞,𝑖𝑖 is the reaction rate constant of equation 𝐸𝐸, 𝐸𝐸𝑖𝑖 is the activation 
energy of equation 𝐸𝐸, 𝑅𝑅 is the ideal gas constant, and 𝑇𝑇 is the      temperature. 
Equilibrium constants 𝐾𝐾𝑖𝑖 of the 1, 2, 3, 4 equations were adopted from 
Elnashaie and Elshishini experimental studies [19]: 
𝐾𝐾2 = 𝐸𝐸�4400𝑇𝑇 −4,036�     (6) 
𝐾𝐾3 = 𝐸𝐸�−26830𝑇𝑇 +30,114�     (7) 
𝐾𝐾4 = 𝐾𝐾2𝐾𝐾3      (8) 
Where 𝐾𝐾2 has dimensionless units and 𝐾𝐾3 has bar2 as units.  
Finally, an adjustment, quadratic regression, to fit the experimental data 
collected, 172 measured data, in the monolith evaluation was carried out to 
obtain activation energies 𝐸𝐸𝑖𝑖, and reaction rate constants 𝑘𝑘∞,𝑖𝑖: 
Table 4.1. Kinetic properties of the reactions.   
Reaction i  𝒌𝒌∞,𝒊𝒊 [mol/(mgcat min 
barn)] 
 𝑬𝑬𝒊𝒊 [Kj/mol] 
1 4,3·10 87 
2 3,6·10-1 70 
3 5,3·102 154 
4 5,2·103 156 
 
The next table 4.2 collects the experimental conditions used by the 
researchers. 
Table 4.2. Experimental conditions.   
Temperature [K] 500-950 
Pressure [bar] 1,5-6 
Feed load [µLliq/ (mgcat min)] 0,21-1,08 
Feed concentration [molEtOH : molH2O] 1:4-1:8 (S/C = 2-4) 
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4.2 Modelization  
4.2.1 Simulation strategies  
Some strategies have been taken in order to reduce calculation times, 
unnecessary heaviness of the model, as well as avoid needless complexity: 
- Surface reaction: Even though ethanol decomposition is a surface 
reaction and it could be implemented without a lot of troubles, 
adsorption/desorption kinetics are not well described as well as they 
are not enough documented so it has been opted to implement the 
reaction as volumetric reactions.  
 
- Water solution: As the majority of the mixture is water, around 75%, 
the fluid stream has been treated as water with diluted species. 
 
- Stationary study: The principal interest is see how the model works at 
the operating point. 
 
- Symmetry in the geometry.  
 
- Thermal diffusion effects are neglected, since their contribution are 
almost 0 compared to the mass diffusion phenomena.   
 
- There is not enough documentation about the catalytic activity, for 
example the inhibition point or saturation point, so it is possible to 
reach superior results compared to the literature results. 
 
 
4.2.2 Geometry  
From the installation picture shown in the anterior point it is possible to 
extract the next sketch, figure 4.3: 
 
 
 
Figure 4.3. Schema of the model. 
Outlet 
Thermal sleeve 
Inlet 
Microreactor 
- 31 - 
 
Sergi Rosell Bochaca 
The schema tries to simulate the microreactor (square channels) introduced 
inside the oven or its support. Due to its symmetry is possible to only use an 
octave part of the device. This helps to reduce the computer calculation times, 
makes the model less heavy so the computer need less memory to proceed 
with the simulation and makes it easier to manipulate while doing the model. 
The model geometry model has been created with the COMSOL multiphysics 
editor obtaining the following result, figure 4.4: 
 
Figure 4.4. Microreactor geometry. 
It consists in 341 0,9x0,9x20mm square channels inside a Ø20x20mm 
circular channel.  
Finally, a domain of Ø20x2mm in front of the microreactor inlet is added for 
making easier comparisons with the velocity field and for the mesh 
refinement. This domain also ensures that the program does not found a 
sudden change of the geometry. The final geometry can be seen in the figure 
4.5. 
 
Figure 4.5. Final geometry. 
In the annexes, it can be seen how the geometry was built with the software. 
4.2.3  Kinetic model 
As said at the anterior point, 4.1 General Aspects. The kinetic model is 
provided by Llorca’s and López article [18] and are the equation number 1, 
2, 3, 4, 5.  
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Even so, a modification has to be done to the rates, insomuch as the software 
used works with mass and molar fractions. So the partial pressure 𝑝𝑝𝑖𝑖 can be 
rewritten as the product of the mole fraction of the specie 𝐸𝐸 𝑥𝑥𝑖𝑖  per the absolute 
pressure of the system 𝑝𝑝. And, the mole fraction is the quotient between the 
moles number of the specie 𝐸𝐸 𝑛𝑛𝑖𝑖 and the total mole number 𝑛𝑛𝑅𝑅. 
𝑥𝑥𝑖𝑖 = 𝑛𝑛𝑖𝑖/𝑛𝑛𝑅𝑅      (9) 
𝑝𝑝𝑖𝑖 = 𝑥𝑥𝑖𝑖  𝑝𝑝      (10) 
 
4.2.4  CFD 
The fluid flow is described by Navier-Stokes equations. However, there are 
some considerations that have to be made.  
First of all, since the Knudsen number (quotient of the mean free path and 
the size of the system) is clearly inferior to 0,01, because the mean free path, 
at atmospheric pressure or higher pressure, has a magnitude of around 10-9 
and the size of the system 10-3. So, there is no case of rarefied flow and the 
Navier-Stokes equations can be used to solve the fluid flow, as well as the 
wall slip phenomena does not occur. 
𝜌𝜌(𝒖𝒖 · 𝛻𝛻)𝒖𝒖 = 𝛻𝛻 · [−𝑝𝑝𝑰𝑰 + 𝜇𝜇(𝛻𝛻𝒖𝒖 + (𝛻𝛻𝒖𝒖)𝑅𝑅)] + 𝑭𝑭  (11) 
Where 𝜌𝜌 is the density of the fluid is, 𝒖𝒖 is the flow velocity, 𝛻𝛻 is the gradient 
operator, 𝑰𝑰 is the identity matrix, 𝑭𝑭 is external forces and 𝜇𝜇 is the viscosity of 
the fluid. 
The super-index 𝑇𝑇 means the transpose of the matrix. 
Due to the small dimensions and flow conditions, the effect of the inertial 
terms 𝜌𝜌(𝒖𝒖 · 𝛻𝛻)𝒖𝒖 loss importance in front of the viscous terms 𝜇𝜇(𝛻𝛻𝒖𝒖 + (𝛻𝛻𝒖𝒖)𝑅𝑅), 
plus that a Reynolds number inferior or approximately to 1 wants to be kept 
during the simulation, the inertial contributions can be neglected obtaining a 
creeping flow, also called Stokes flow.  0 = 𝛻𝛻 · [−𝑝𝑝𝑰𝑰 + 𝜇𝜇(𝛻𝛻𝒖𝒖 + (𝛻𝛻𝒖𝒖)𝑅𝑅)] + 𝑭𝑭   (12) 
Since the fluid is compressible but the Mach number is not going to overcome 
0,3, a new term −𝟐𝟐
𝟑𝟑
𝜇𝜇(∇ · 𝒖𝒖)𝑰𝑰 is added to the N-S equation that diminishes the 
effect of the viscous stresses.  0 = ∇ · �−𝑝𝑝𝑰𝑰 + 𝜇𝜇(∇𝒖𝒖 + (∇𝒖𝒖)𝑅𝑅) − 𝟐𝟐
𝟑𝟑
𝜇𝜇(∇ · 𝒖𝒖)𝑰𝑰� + 𝑭𝑭 (13) 
Besides the N-S equation, the inlet mass rate has to be equal to the outlet 
mass flow (only in stationary regime), so the principle of mass conservation 
adds another equation, the continuity equation as. 0 = ∇ · (𝜌𝜌𝒖𝒖) + 𝜕𝜕𝒖𝒖
𝜕𝜕𝐸𝐸
     (14) 
The study is stationary, so the time depending term 𝜕𝜕𝒖𝒖
𝜕𝜕𝐸𝐸
 becomes 0. 0 = ∇ · (𝜌𝜌𝒖𝒖)      (15) 
The equations only have a unique solution for the following boundary 
conditions: 
- External wall, where the flow velocity 𝒖𝒖 is 0, equation 16, figure 4.6: 
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𝒖𝒖 = 0       (16) 
 
 
Figure 4.6. External wall. 
 
- Inlet, where a laminar inflow with an average velocity 𝒖𝒖𝟎𝟎 enters and a 
entrance length 𝐿𝐿𝑒𝑒𝑛𝑛𝐸𝐸𝑒𝑒 , figure 4.7: 
∇𝐸𝐸 · 𝒖𝒖 = 0      (17) 
𝐿𝐿𝑒𝑒𝑛𝑛𝐸𝐸𝑒𝑒∇𝐸𝐸 · [−𝑝𝑝𝑒𝑒𝑛𝑛𝐸𝐸𝑒𝑒𝑰𝑰 + 𝜇𝜇(∇𝐸𝐸𝒖𝒖 + (∇𝐸𝐸𝒖𝒖)𝑅𝑅)] = −𝑝𝑝𝑒𝑒𝑛𝑛𝐸𝐸𝑒𝑒𝒏𝒏 (18) 
 
 
Figure 4.7. Inlet. 
Where 𝑝𝑝𝑒𝑒𝑛𝑛𝐸𝐸𝑒𝑒 is the entrance pressure. 
 
- Outlet, where the fluid goes with a pressure 𝑝𝑝0, figure 4.8: 
𝑝𝑝 = 𝑝𝑝0       (19) 
�𝜇𝜇(∇𝒖𝒖 + (∇𝒖𝒖)𝑅𝑅) − 𝟐𝟐
𝟑𝟑
𝜇𝜇(∇ · 𝒖𝒖)𝑰𝑰� · 𝒏𝒏 = 0  (20) 
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Figure 4.8. Outlet. 
- Symmetry, figure 4.9. Adds three equations 21, 22, 23: 
𝒖𝒖 · 𝒏𝒏 = 𝟎𝟎      (21) 
𝑲𝑲− (𝑲𝑲 · 𝒏𝒏)𝒏𝒏 = 𝟎𝟎     (22) 
𝑲𝑲 = [𝜇𝜇(∇𝒖𝒖 + (∇𝒖𝒖)𝑅𝑅]𝒏𝒏     (23) 
 
Figure 4.9. Symmetry. 
- Interior wall, figure 4.10, allowing the fluid discontinuity across the 
boundary, also the flow velocity 𝒖𝒖 is 0 on both sides of the wall: 
𝒖𝒖𝒖𝒖 = 0       (24) 
𝒖𝒖𝒅𝒅 = 0       (25) 
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Figure 4.10. Interior walls. 
4.2.5  Heat transfer 
The model has basically two heat transfer types: conduction and convection. 
Thus applying the first thermodynamic law, so doing the energetic balance of 
the system the equation 26 is obtained. 
𝜌𝜌𝐶𝐶𝑝𝑝𝒖𝒖 · ∇𝑇𝑇 = ∇ · (𝑘𝑘∇𝑇𝑇) + ?̇?𝑄    (26) 
Where 𝐶𝐶𝑝𝑝 is the specific heat capacity, 𝑘𝑘 is the thermal conductivity, 𝑄𝑄 is the 
heat soure, the term 𝜌𝜌𝐶𝐶𝑝𝑝𝒖𝒖 · ∇𝑇𝑇 is the convective heat transfer and the term 
∇ · (𝑘𝑘∇𝑇𝑇) is the conductive heat transfer. 
The surficial heat, applied on the surface shown in figure 4.11, emulating the 
thermal sleeve or oven conditions, added or extracted from the microreactor 
per area unit is calculated like there is a high convection at the device exterior 
with the following equation 27. 
𝑞𝑞0 = ℎ(𝑇𝑇𝑒𝑒𝑒𝑒𝐸𝐸 − 𝑇𝑇) = −𝒏𝒏 · (−𝑘𝑘∇𝑇𝑇)   (27) 
 
Figure 4.11. Exterior wall with convection. 
Where 𝑞𝑞0 is the heat flux, ℎ is the heat transfer coefficient, 𝑇𝑇𝑒𝑒𝑒𝑒𝐸𝐸 is the 
temperature at the exterior of the device and 𝑇𝑇 is the microreactor 
temperature. 
The exterior temperature 𝑇𝑇𝑒𝑒𝑒𝑒𝐸𝐸 is equal to the inlet temperature value to 
simulate the oven or thermal sleeve where the device is located.   
Note that it is also possible to consider the exterior wall as an adiabatic wall 
since the thin resistive layer has the properties of a really refractory ceramic. 
So the contributions will only affect the exterior channels. 
Also there is a heat volumetric source, applied on the volume shown in figure 
4.12, the heat product of the chemical reactions in the channels. 
?̇?𝑄 = ∑ ∆𝐻𝐻𝑖𝑖(𝑇𝑇)4𝑖𝑖=1 𝐸𝐸𝑖𝑖        (28) 
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Figure 4.12. Volume where chemical reactions heat occurs. 
Where 𝑄𝑄 is the heat source, ∆𝐻𝐻𝑖𝑖(𝑇𝑇) is the enthalpy of reaction 𝐸𝐸 at temperature 
𝑇𝑇 and 𝐸𝐸𝑖𝑖 is the reaction rate 𝐸𝐸. 
In order to solve the energy equation some boundary conditions are needed: 
- Thermal insulation, figure 4.12. There is no heat flux across the 
symmetry sides, equation 29: 
−𝒏𝒏 · (−𝑘𝑘∇𝑇𝑇) = 0     (29) 
 
Figure 4.13. Thermal insulated walls. 
- Initial temperature of the fluid 𝑇𝑇0 on the inlet face, figure 4.14: 
𝑇𝑇 = 𝑇𝑇0       (30) 
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Figure 4.14. Inlet. 
- Outflow, figure 4.15, where heat flux is 0: 
−𝒏𝒏 · (−𝑘𝑘∇𝑇𝑇) = 0     (31) 
 
Figure 4.15. Outlet. 
 
- Thin thermally resistive layer, figure 4.16. This tries to simulate the 
fact that the device is made of a really refractory ceramic. The heat 
flux across the thin thermally resistive layer is defined by equations 
32, 33: 
−𝒏𝒏𝒅𝒅 · (−𝑘𝑘𝑑𝑑∇𝑇𝑇𝑑𝑑) = −𝑘𝑘𝑠𝑠(𝑅𝑅𝑢𝑢−𝑅𝑅𝑠𝑠)𝑑𝑑𝑠𝑠     (32) 
−𝒏𝒏𝒖𝒖 · (−𝑘𝑘𝑢𝑢∇𝑇𝑇𝑢𝑢) = −𝑘𝑘𝑠𝑠(𝑅𝑅𝑑𝑑−𝑅𝑅𝑢𝑢)𝑑𝑑𝑠𝑠     (33) 
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Figure 4.16. Thin resistive layer (ceramic walls). 
Where 𝑢𝑢 and 𝑑𝑑 subscript refer respectively to the upside and the 
downside of the slit, 𝑘𝑘𝑠𝑠 is the thermal conductivity of the surface and 
𝑑𝑑𝑠𝑠 is the layer thickness. 
4.2.6  Transport of concentrated species 
In the model there are three different transport mechanisms: convection 
diffusion and thermal diffusion. 
The equation 34 describes the mass transport for 𝐸𝐸 = 1 …𝑛𝑛 species: 
𝜕𝜕
𝜕𝜕𝐸𝐸
(𝜌𝜌𝜔𝜔𝑖𝑖) + ∇ · (𝜌𝜌𝜔𝜔𝑖𝑖𝒖𝒖) = −∇ · 𝐣𝐣𝑖𝑖 + 𝑅𝑅𝑖𝑖   (34) 
Where 𝜌𝜌 denotes the mixture density, 𝒖𝒖 the mass average velocity of the 
mixture. The remaining variables are specific for the species 𝐸𝐸, 𝜔𝜔𝑖𝑖 is the mass 
fraction, 𝐣𝐣𝑖𝑖 is the mass flux relative to the mass average velocity and 𝑅𝑅𝑖𝑖 is the 
rate expression describing its production or consumption. 
The relative mass flux vector  𝒋𝒋𝒊𝒊 includes contributions due to molecular 
diffusion. 
Using a Fick’s law as a diffusion model, the relative mass flux vector 𝒋𝒋𝒊𝒊 is: 
𝒋𝒋𝑖𝑖 = −�𝜌𝜌𝐷𝐷𝑖𝑖𝐹𝐹∇𝜔𝜔𝑖𝑖 + 𝜌𝜌𝜔𝜔𝑖𝑖𝐷𝐷𝑖𝑖𝐹𝐹 ∇𝑀𝑀𝑛𝑛𝑀𝑀𝑛𝑛 + 𝐷𝐷𝑖𝑖𝑅𝑅 ∇𝑅𝑅𝑅𝑅 �  (35) 
Thermal diffusion 𝐷𝐷𝑖𝑖𝑅𝑅 ∇𝑅𝑅𝑅𝑅  is neglected since its contribution compared to the 
other two is minimal. 
𝒋𝒋𝑖𝑖 = −�𝜌𝜌𝐷𝐷𝑖𝑖𝐹𝐹∇𝜔𝜔𝑖𝑖 + 𝜌𝜌𝜔𝜔𝑖𝑖𝐷𝐷𝑖𝑖𝐹𝐹 ∇𝑀𝑀𝑛𝑛𝑀𝑀𝑛𝑛 �   (36) 
Where 𝐷𝐷𝑖𝑖𝐹𝐹 is the isotropic diffusion coefficient of the specie 𝐸𝐸. And 𝑀𝑀𝑛𝑛 is the 
sum inverse of the mass fraction of the specie 𝐸𝐸 𝜔𝜔𝑖𝑖  divided by the molar mass 
of the same specie 𝑀𝑀𝑖𝑖. 
𝑀𝑀𝑛𝑛 = �∑ 𝜔𝜔𝑖𝑖𝑀𝑀𝑖𝑖𝑖𝑖 �−1      (37) 
The mass flux vector for the specie 𝐸𝐸 𝑵𝑵𝑖𝑖  is calculated as: 
𝑵𝑵𝑖𝑖 = 𝒋𝒋𝑖𝑖 + 𝜌𝜌𝒖𝒖𝜔𝜔𝑖𝑖       (38) 
The diffusion coefficient is calculated with the Chapman-Enskog model in the 
annexes. 
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Mixture properties are calculated with the ideal gas equation. 
𝑝𝑝𝑉𝑉 = 𝑛𝑛𝑅𝑅𝑇𝑇      (39) 
Where 𝑝𝑝 is the absolute pressure of the system, 𝑉𝑉 is the volume, 𝑛𝑛 is the 
number of gas moles, 𝑅𝑅 is the universal gas constant and 𝑇𝑇 is the absolute 
temperature of the system. 
In order to calculate the species rate 𝑅𝑅𝑖𝑖, it is done a sum or substraction of 
the reaction rates 𝐸𝐸𝑗𝑗 that generates the specie 𝐸𝐸. For every specie 𝐸𝐸: 
𝑅𝑅𝐸𝐸𝐸𝐸ℎ𝑐𝑐𝑛𝑛𝑎𝑎𝑎𝑎 = −𝐸𝐸1     (40) 
𝑅𝑅𝑐𝑐𝑎𝑎 = 𝐸𝐸1 − 𝐸𝐸2 + 𝐸𝐸3     (41) 
𝑅𝑅𝐶𝐶𝐶𝐶2 = 𝐸𝐸2 + 𝐸𝐸4      (42) 
𝑅𝑅𝐻𝐻2𝐶𝐶 = −(𝐸𝐸2 + 𝐸𝐸3 + 2 · 𝐸𝐸4)     (43) 
𝑅𝑅𝐶𝐶𝐻𝐻4 = 𝐸𝐸1 − 𝐸𝐸3 − 𝐸𝐸4     (44) 
𝑅𝑅𝐻𝐻2 = 𝐸𝐸1 + 𝐸𝐸2 + 3 · 𝐸𝐸3 + 4 · 𝐸𝐸4    (45) 
Where the species rate subindex are species and the reaction rates subindex 
are the corresponding equation. 
The reactions occur in the domain within the thin thermally resistive layer, 
figure 4.17. 
 
 
Figure 4.17. Domain with chemical reactions. 
 
As well as on the others sections, some boundary conditions have to be 
established so the differential equations can be solved: 
- No flux across the wall, figure 4.18: 
−𝒏𝒏 · 𝑵𝑵𝒊𝒊 = 0      (46) 
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Figure 4.18. External wall with no flux across it. 
- Inflow mass fractions on the inlet face, figure 4.19: 
𝜔𝜔𝑖𝑖 = 𝜔𝜔0,𝑖𝑖      (47) 
 
Figure 4.19. Inlet. 
- Outflow, where the species are transported out of the model, figure 
4.20: 
−𝒏𝒏 · 𝜌𝜌𝐷𝐷𝑖𝑖𝐹𝐹∇𝜔𝜔𝑖𝑖 = 0     (48) 
 
Figure 4.20. Outlet. 
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- Mass flux discontinuity across the thin layer, figure 4.21: 
−𝒏𝒏 · (𝑵𝑵𝑖𝑖,𝒅𝒅 − 𝑵𝑵𝑖𝑖,𝒖𝒖) = 𝑁𝑁0,𝑖𝑖    (49) 
 
Figure 4.21. Mass flux discontinuity across the interior walls. 
Where the value of 𝑁𝑁0,𝑖𝑖 specifies the size of the flux jump evaluated 
from the down to the upside of the boundary, in that case 0. 
 
- Symmetry, there is no mass flux in the normal direction across the 
boundary, figure 4.22: 
−𝒏𝒏 · 𝑵𝑵𝒊𝒊 = 0      (50) 
 
 
Figure 4.22. No mass flux across the symmetry walls. 
4.2.8 Indicators  
The two indicators chosen are the hydrogen yields 𝜂𝜂, equation 51, and the 
percentage of ethanol decomposed 𝑋𝑋𝐸𝐸𝐸𝐸ℎ𝑐𝑐𝑛𝑛𝑎𝑎𝑎𝑎(%), equation 52. 
The hydrogen yield 𝜂𝜂 is the quotient between the hydrogen molar flow rate 
𝐹𝐹𝐻𝐻2and the inlet ethanol molar flow rate 𝐹𝐹𝐸𝐸𝐸𝐸ℎ𝑐𝑐𝑛𝑛𝑎𝑎𝑎𝑎𝑖𝑖𝑛𝑛.  
𝜂𝜂 = 𝐹𝐹𝐻𝐻2/𝐹𝐹𝐸𝐸𝐸𝐸ℎ𝑐𝑐𝑛𝑛𝑎𝑎𝑎𝑎𝑖𝑖𝑛𝑛     (51) 
As commented on the chapter 3, topic 3.2.3 Hydrogen Production, for ethanol 
the general equation that describes the reaction is: 
𝐶𝐶2𝐻𝐻5𝑂𝑂𝐻𝐻 + 3𝐻𝐻2𝑂𝑂 →  2𝐶𝐶𝑂𝑂2 +  6𝐻𝐻2 
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So as it is possible to obtain six hydrogen moles per one ethanol mole, the 
hydrogen yield is bounded between 0 and 6. As obvious, it is searched a 
hydrogen yield as high as possible. 
The percentage of ethanol decomposed 𝑋𝑋𝐸𝐸𝐸𝐸ℎ𝑐𝑐𝑛𝑛𝑎𝑎𝑎𝑎(%) is the difference of inlet 
ethanol mass fraction minus the outlet ethanol mass fraction divided by the 
inlet ethanol mass fraction. 
𝑋𝑋𝐸𝐸𝐸𝐸ℎ𝑐𝑐𝑛𝑛𝑎𝑎𝑎𝑎(%) = 𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎𝑖𝑖𝑛𝑛−𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎𝑢𝑢𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎𝑖𝑖𝑛𝑛    (52) 
Even so, this is a first battery of simulations, so it is not expected a good 
indicators quality but a 
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Chapter 5:           
Simulation and results  
 
 
 
 
5.1 Description of the software and computer 
used 
 
The software used to run the simulations is COMSOL Multiphysics®, exactly 
the version 4.3.1.161 (for further information go to www.comsol.com). This 
program allows you to mix different physics in one single model making the 
present simulation possible.  
These simulations have been carried out on a Toshiba P875-31C running 
windows 8.1 64-bit version on a Intel i7 3630QM 2,4GHz (up to 3,5GHZ) 
processor with available RAM of 16GB DDR3 1600MHz. Also, on a cluster 
running Linux on a i7 3770 3,4 GHz processor with available RAM of 16 GB 
DDR3 1600MHz,   located at the EUETIB. 
 
5.2 Mesh 
To select which mesh use, a mesh sensitivity test has been done. In order to 
do that, outlet mass flow rate is compared to the theoretical mass flow rate 
that should be flowing through the device. A 5-7.5%% discrepancy is 
accepted. 
The meshing strategy consists in two different kind of meshes. The first one, 
for the first domain, due to its simple geometry, has free tetrahedral 
elements. The second one, since it is an extruded profile, it consists of a 
triangular elements meshed face and a posterior swept. 
At an inlet velocity of 1mm/s the corresponding mass flow rate theoretical 
value 𝑚𝑚𝐸𝐸̇ , calculated with the program, is 4,28·10-8 (kg/s). 
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The table 5.1 collects the results of the different meshes tested and their 
difference with the theoretical value of the mass flow rate. 
Table 5.1. Flow rates comparison. 
 
 
 
 
 
 
The default meshes such as extra coarse, coarser, coarse, normal and fine 
defined by the software could not be implemented since there are narrow 
regions that their element properties cannot mesh. 
The mesh chosen is the customized mesh, figures 5.1 and 5.2.  
 
 
Figure 5.1. General view of the mesh. 
 
 ?̇?𝒎 (kg/s) ?̇?𝒎𝒕𝒕 − ?̇?𝒎 (kg/s) ?̇?𝒎𝒕𝒕−?̇?𝒎
?̇?𝒎𝒕𝒕
· 𝟏𝟏𝟎𝟎𝟎𝟎 (%) 
Extremely coarse  9,02·10-8 4,27·10-8 99,8 
Finer 2,03·10-8 2,26·10-8 52,7 
Extra fine 2,88·10-8 1,41·10-8 32,8 
Extremely fine 3,55·10-8 7,37·10-8 17,2 
Customized mesh 4,02·10-8 2,64·10-8 6,16 
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Figure 5.2. Detail of the meshed outlet face. 
The next table 5.2 compiles the characteristic of the customized mesh. 
Table 5.2. Mesh elements properties. 
Maximum element size 0,22mm 
Minimum element size 0,22mm 
Maximum element growth rate 1,45 
Resolution of curvature 0,2 
Resolution of narrow regions 0,8 
Nº of elements 145806 
 
5.4 Experimental conditions 
It has been carried out a parametric simulation with the following 
parameters: 
Table 5.3. Experimental conditions. 
Inlet velocity (mm/s) 100 - 50 - 10 - 5 - 1 
Inlet temperature (K) 600 - 700 - 800 
System pressure  (bar) 1 - 2 - 4 -6 
Ethanol Concentration (wt%) 25 
 
The conditions have been chosen for doing a first study of the behaviour of 
the complete model as well as for delimiting the parameters in order to obtain 
easier simulation results.  
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5.5 Evolution of the models 
Several models have been carried out in order to achieve the final model used 
in the project: 
- The first model included: three of the four reactions without the 
coupling term, constant reaction enthalpies at 298K, and default 
constant diffusion coefficients. 
 
- The second model: addition of the fourth reaction with the coupling 
terms between them, constant reaction enthalpies calculated by means 
of Hess law at inlet temperature. 
 
- The third model: Inclusion of the temperature dependence on the 
enthalpies. 
 
- Last model: Addition of the Chapman-Enskog equation for the diffusion 
coefficients.   
 
5.6 Results 
It has been chosen the following conditions for the results representation of 
the computational fluid dynamics (CFD), heat transfer and transport of 
concentrated species modules, table 5.4: 
Table 5.4. Experimental conditions represented. 
Inlet velocity (mm/s) 100 - 50 - 10 - 5 - 1 
Inlet temperature (K) 700  
System pressure  (bar) 2 
Ethanol Concentration (wt%) 25 
As the paper experimental conditions were not clear, the mass flow rate 
above all, a parameterization of the inlet velocity has been done between 
values that probably collect the article authors’ conditions.  
Notice that varying the inlet velocity, pressure and temperature, the mass 
flow rate also varies.   
The remaining results can be seen in the annexes.  
5.6.1 CFD results 
For seeing the CFD results are coherent and the simulation properly 
recognises the conditions imposed, it is going to be displayed the fluid flow 
velocity and its corresponding pressure drop or increase through the device 
for the said conditions.  
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Figure 5.3. Fluid flow velocity at 100mm/s inlet velocity. 
 
Figure 5.4. Pressure evolution at 100mm/s inlet velocity. 
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Figure 5.5. Fluid flow velocity at 50mm/s inlet velocity. 
Figure 5.6. Pressure evolution at 50mm/s inlet velocity. 
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Figure 5.7. Fluid flow velocity at 10mm/s inlet velocity. 
 
Figure 5.8. Pressure evolution at 10mm/s inlet velocity. 
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Figure 5.9. Fluid flow velocity at 5mm/s inlet velocity. 
 
Figure 5.10. Pressure evolution at 5mm/s inlet velocity. 
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Figure 5.11. Fluid flow velocity at 1mm/s inlet velocity. 
 
Figure 5.12. Pressure evolution at 1mm/s inlet velocity. 
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The model duly simulates the boundary conditions imposed as the internal 
walls, external walls, etc… As can be seen on the figures 5.3, 5.5, 5.7, 5.9, 
5.11, where the flow divides among the channels, creating these blue-red 
lines. 
As it corresponds, at lower inlet velocities, lower maximum flow velocity and 
lower pressure values through the device. 
Due to the low inlet velocity value and the small resistance offered by the 
walls, the relative pressure adopts really small numbers.  
Relating to the pressure effect on the rate expressions it is possible to say 
that it is almost zero, since the pressure increase is about a couple Pascals at 
100mm/s, and tends to zero on the other velocities.   
5.6.2  Heat transfer results 
In order to see the correct simulation of the heat transfer module and all its 
conditions, a general graphic of the temperature is plotted for the conditions 
mentioned before obtaining the figures 5.13, 5.14, 5.15, 5.16, 5.17.  
 
 
 
Figure 5.13. Temperature evolution at 100mm/s inlet velocity. 
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Figure 5.14. Temperature evolution at 50mm/s inlet velocity. 
 
Figure 5.15. Temperature evolution at 10mm/s inlet velocity. 
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Figure 5.16. Temperature evolution at 5mm/s inlet velocity. 
 
Figure 5.17. Temperature evolution at 1mm/s inlet velocity. 
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First of all, the temperature varies along the device due to the reaction heats. 
Increasing or decreasing the temperature depending on if the reactions heat 
balance endothermic or exothermic. Also, the effect of the residence time, 
directly related with the flow velocity, is really important, since if the 
residence time is higher, the reagents have more time to react and depending 
on the conditions the reactions are displaced to one side or another. 
Obviously, the temperature has a direct effect on the reaction rates, thus the 
reaction and equilibrium constants are a function of it. This effects are 
analysed in further subchapters.  
The trend, when the velocity decreases, is to have first a mixture of reactions 
with an exothermic balance sooner and as the temperature increases the 
character changes to an endothermic behaviour is stronger doing a 
temperature decrease along the rest of the microreactor.  
The effect of the thin resistive layer and the external wall convection can be 
easily seen. In the centre the temperature varies along the channels but not 
across them. On the other hand, at the exterior part, there is a clear heat 
exchange across the external wall making first a temperature decrease and 
posteriorly at the end of the device a temperature increase. So a temperature 
gradient is established. 
 
 
5.6.3  Transport of concentrated species results 
To represent the results and validate if the transport of concentrated species 
module works rightly, a graph of the mass fraction evolution, at said 
conditions, of all the species through the centre of the central channel is 
displayed, figures 5.18, 5.19, 5.20, 5.21, 5.22.  
However, the hydrogen generation will be discussed further on, insomuch as 
its molar mass is really low compared with the other species doing a mass 
fraction comparison difficult.   
As expected, with a lower velocity, rather higher residence time or more 
reaction time, the species mass fraction evolution is more notable. And it can 
be directly related with the temperature variation. 
First the ethanol decomposition takes place, generating CO, CH4 and H2, 
slightly decreasing the temperature. This CO generated reacts with the H2O, 
water-gas shift reaction WGS, giving off heat, consequently increasing the 
temperature as seen on the temperature graphs shown anteriorly. 
The CH4 reacts with the H2O being reformed, MSR, in two different ways, one 
generating CO and H2, and the second one CO2 and H2. Both are endothermic 
reactions, thus making a temperature decrease. This CO generated reacts 
again with the water. 
The perfect condition would be obtain just CO2 and H2, meaning that the 
ethanol decomposition, WGS reaction and the MSR are 100% efficient. 
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Figure 5.18. Mass fraction evolution at 100mm/s inlet velocity. 
 
Figure 5.19. Mass fraction evolution at 50mm/s inlet velocity. 
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Figure 5.20. Mass fraction evolution at 10mm/s inlet velocity. 
 
Figure 5.21. Mass fraction evolution at 5mm/s inlet velocity. 
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Figure 5.22. Mass fraction evolution at 1mm/s inlet velocity. 
Pressure effect is commented later in the project. The species molar flow rate 
can be seen in the annexes. 
5.6.4 Indicators 
First of all remember that the aim of this first battery of simulations is pinning 
down the parameters range for further simulations précising its results, as 
well as it is not possible a direct comparison between the simulation and 
experimental results due to the non-tuning of the input parameters. 
Nevertheless, a few commentaries of the indicators can be done. 
Regarding to the ethanol decomposition, it is clearly visible that the residence 
time and the temperature have a vital importance. At 100mm/s and 50mm/s, 
figures 5.23 and 5.24, a high temperature is needed to achieve a notable 
decomposition while at 10mm/s and 5mm/s, figures 5.25, 5.26, the same 
level of decomposition is reached. At 1mm/s and 700K the complete ethanol 
decomposition is almost gotten, showing the importance of the residence time 
commented before.  
Respecting to the hydrogen yields, just comment the disastrous values 
obtained, but it must not forget that this is just a first iteration to observe the 
model behaviour.  
According to the literature, the tendency of the hydrogen yields should 
increase with the temperature. 
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Figure 5.23. Ethanol decomposition at 100mm/s inlet velocity. 
 
Figure 5.24. Ethanol decomposition at 50mm/s inlet velocity. 
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Figure 5.25. Ethanol decomposition at 10mm/s inlet velocity. 
 
Figure 5.26. Ethanol decomposition at 5mm/s inlet velocity. 
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Figure 5.27. Ethanol decomposition at 1mm/s inlet velocity. 
 
Figure 5.28. Hydrogen yield at 100mm/s inlet velocity. 
0
20
40
60
80
100
120
500 550 600 650 700 750 800 850
X 
ET
HA
NO
L(
%
)
TEMPERATURE (K)
1 bar
2 bar
4 bar
6 bar
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
500 550 600 650 700 750 800 850
HY
DR
OG
EN
 Y
IE
LD
TEMPERATURE (K)
1 bar
2 bar
4 bar
6 bar
 - 62 -  
 
                                  Modelling and Simulation of a Microreactor for Ethanol Steam Reforming 
 
Figure 5.29. Hydrogen yield at 50mm/s inlet velocity. 
 
Figure 5.30. Hydrogen yield at 10mm/s inlet velocity. 
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Figure 5.31. Hydrogen yield at 5mm/s inlet velocity. 
 
Figure 5.32. Hydrogen yield at 1mm/s inlet velocity. 
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5.6.5  Computational costs 
The next tables collect the different simulation times for every model. To 
identify the table with the corresponding model, at the first cell, the inlet 
velocity is written, while in the following cells of the first row indicates the 
absolute pressure and the next cells of the first column specifies the inlet 
temperature.  
Table 5.5. Computational costs for 100mm/s inlet velocity. 
0,1 m/s 1bar 2bar 4bar 6bar 
600K 
1572s 4773s 700K 
800K 
 
Table 5.6. Computational costs for 50mm/s inlet velocity. 
0,05 m/s 1bar 2bar 4bar 6bar 
600K 
7126s 700K 
800K 
 
Table 5.7. Computational costs for 10mm/s inlet velocity. 
0,01 m/s 1bar 2bar 4bar 6bar 
600K 
1625s 20919s 700K 
800K 
 
Table 5.8. Computational costs for 5mm/s inlet velocity. 
0,005 m/s 1bar 2bar 4bar 6bar 
600K 358 875 
700K 452 1344 
800K 686 9399 - 
 
Table 5.9. Computational costs for 1mm/s inlet velocity. 
0,001 m/s 1bar 2bar 4bar 6bar 
600K 311 1179 
700K 455 5143 
800K 684 7778 - - 
 
The “-“ sign means that the simulated could not be carried out, because the 
simulation had problems converging. Those problems were accentuated as 
the inlet velocities were lower and the pressures and temperatures higher. 
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These conditions provoked more instabilities to the coupled reactions, the 
reactions with equilibrium terms. 
The total computational cost of the first iteration definitive models is: 64679s, 
or 17 hours 57 minutes and 59 seconds. 
This time does not take into consideration the modelling and simulation trials 
time. 
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Chapter 6:      
Conclusions, advises 
and next targets 
 
 
Starting from the beginning, it is clear that world energy dependency on the 
fossil fuels is enormous and this dependence must be solved by introducing 
new renewable sources such as hydrogen, however hydrogen is not the key 
of all solutions, it is just another way that can help to reduce the huge effects 
of using fossil fuels.  
First of all, referring to the simulations, it has appeared problems with the 
results when the inlet velocities were low (5 and 1mm/s) and the pressures 
and temperatures high (4 and 6bar, 800K). It has to be taken into account 
that the kinetic model proposed is not for an infinite parameters range, all 
the opposite, they are the result from a lot of experiments in a small interval 
of experimental conditions. Therefore, it is possible that the kinetic model 
used is not valid for certain conditions.  
Even though the equilibrium constants were also proposed by the authors of 
the article, in which is based this investigation, it is not clear at all if the 
equilibrium constants are compatible with the kinetic model at all.   
Besides that, three of the four chemical reactions, WGS and MSR, are coupled 
and this phenomena produced instabilities during the simulations, mainly 
again, at low velocities.  
It seems that at high residence time, so low velocities, the effect of this 
instabilities are higher because the species production or consumption is also 
higher, therefore the coupling effect between the equations increases.   
Referring to the results of the three different physics used, they seem to be 
consequent between them. All their results match with the different boundary 
conditions established. For example, it is easy to compare the species 
generation with the temperature, being that depending on the temperature 
increase or decrease, some species are generated and others are consumed.  
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About the indicators, they did not present a good result for the hydrogen 
yield. The ethanol conversion ratio is acceptable. However there are some 
considerations about the chemical reactions behaviour, applying Le 
Chatelier’s principle, that have to be taken into account for further simulations 
in order to obtain better results. This can be taken as advises for the next 
battery of models: 
- At high pressures, both methane steam reforming reaction are 
displaced to the left favouring the generation of methane and instead 
of generate hydrogen, it consumes the hydrogen generated. Therefore, 
for the next generation of simulations the highest pressure simulated 
will be reduced to 4bar. 
 
- All the equations are favoured by temperature, as a consequence, 
temperature range will be also increased to 1050K. This is the 
maximum temperature that can be simulated preserving the validity of 
the models. 
 
- Also, just one ethanol mass concentration was simulated, so the effect 
of varying this parameter cannot be commented. But, for the next trials 
will be parameterized between 15 and 30% of mass concentration.  
 
To finalize, some future objectives are proposed as a consequence of the 
obtained results: 
- Parameterization of the ethanol mass concentration within a 15-30%. 
 
- Reduction of the pressure range to 4bar with a 1 bar step. 
 
- Increase of the temperature range to 1050K with a step of 100K or 
50K if required. 
 
- Change of the inlet velocity for the mass flow rate in order to obtain a 
better mass preservation between simulations. 
 
- Do the experiment with the experimental conditions proposed and 
compare with the new models. 
 
- Adjustment of the equilibrium constants from the results of the 
experiment. 
 
- Implementation of a PID controller.  
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Chapter 8:  Budget  
 
 
 
 
 
The table 8.1 collects the estimated costs of the project. 
Table 8.1. Approximated budget of the project. 
 Unit €/unit Hours €/hour Total € 
Junior Engineer    600 20 12000 
Cluster service   250 0,20 50 
Toshiba SATELLITE P875-31C 1 1500   1500 
COMSOL Multyphisics license  3 2000   6000 
TOTAL     19550 
 
Three different COMSOL modules have been used for the project and every 
single COMSOL module requires a license with an approximated cost of 
2000€.  
Note that the cluster service has included the simulation time of the non-
definitive models. This time has been calculated as 12 times the definitive 
model simulation time plus some extra hours.  
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Annexes 
 
 
 
A1. Reaction Enthalpies 
 
Reaction enthalpies ∆𝐻𝐻𝑒𝑒 for the chemical model reactions have been 
calculated as: 
∆𝐻𝐻𝑒𝑒 = ∑ (𝑣𝑣𝑖𝑖𝑛𝑛𝑖𝑖=1 ∆𝐻𝐻𝑓𝑓𝑖𝑖)�𝑃𝑃𝑒𝑒𝑎𝑎𝑑𝑑𝑢𝑢𝑐𝑐𝐸𝐸𝑠𝑠 − ∑ (𝑣𝑣𝑗𝑗𝑚𝑚𝑗𝑗=1 ∆𝐻𝐻𝑓𝑓𝑗𝑗)�𝑅𝑅𝑒𝑒𝑐𝑐𝑐𝑐𝐸𝐸𝑐𝑐𝑛𝑛𝐸𝐸𝑠𝑠    (53) 
Where 𝑣𝑣 is the stoichiometric coefficient,  ∆𝐻𝐻𝑓𝑓 is the enthalpy of formation. 
The subindex 𝐸𝐸 refers to the products and the 𝑗𝑗 to the reactants, 𝑛𝑛 is the 
number of products and m the number of reactants. 
The enthalpy of formation for pure elements is 0kJ/mol.  
Obtaining for the different chemical reactions: 
1. Ethanol decomposition: 
𝐶𝐶2𝐻𝐻5𝑂𝑂𝐻𝐻 ↔  𝐶𝐶𝐻𝐻4 + 𝐻𝐻2 + 𝐶𝐶𝑂𝑂                                                            
∆𝐻𝐻𝑒𝑒,1 = ∆𝐻𝐻𝐶𝐶𝐶𝐶,𝑓𝑓 + ∆𝐻𝐻𝐶𝐶𝐻𝐻4,𝑓𝑓 − ∆𝐻𝐻𝐸𝐸𝐸𝐸ℎ𝑐𝑐𝑛𝑛𝑎𝑎𝑎𝑎,𝑓𝑓    (54) 
2. Water-Gas shift reaction: 
𝐶𝐶𝑂𝑂 + 𝐻𝐻2𝑂𝑂 ↔ 𝐻𝐻2 + 𝐶𝐶𝑂𝑂2                                                                  
∆𝐻𝐻𝑒𝑒,2 = ∆𝐻𝐻𝐶𝐶𝐶𝐶2,𝑓𝑓 − ∆𝐻𝐻𝐶𝐶𝐶𝐶,𝑓𝑓 − ∆𝐻𝐻𝐻𝐻2𝐶𝐶,𝑓𝑓     (55) 
3. Methane steam reforming: 
𝐶𝐶𝐻𝐻4 + 𝐻𝐻2𝑂𝑂 ↔ 3𝐻𝐻2 + 𝐶𝐶𝑂𝑂             (a) 
𝐶𝐶𝐻𝐻4 + 2𝐻𝐻2𝑂𝑂 ↔ 4𝐻𝐻2 + 𝐶𝐶𝑂𝑂2         (b) 
∆𝐻𝐻𝑒𝑒,3𝑐𝑐 = ∆𝐻𝐻𝐶𝐶𝐶𝐶,𝑓𝑓 − ∆𝐻𝐻𝐶𝐶𝐻𝐻4,𝑓𝑓 − ∆𝐻𝐻𝐻𝐻2𝐶𝐶,𝑓𝑓     (56) 
∆𝐻𝐻𝑒𝑒,3𝑏𝑏 = ∆𝐻𝐻𝐶𝐶𝐶𝐶2,𝑓𝑓 − ∆𝐻𝐻𝐶𝐶𝐻𝐻4,𝑓𝑓 − 2∆𝐻𝐻𝐻𝐻2𝐶𝐶,𝑓𝑓    (57) 
Formation enthalpies have been calculated doing a lineal regression from the 
data collected in the book “Handbook of chemistry and physics”: 
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- Etanol: 
 
∆𝐻𝐻𝐸𝐸𝐸𝐸ℎ𝑐𝑐𝑛𝑛𝑎𝑎𝑎𝑎,𝑓𝑓  =  −10−8𝑇𝑇3  + 10−5𝑇𝑇2 −  0.0822𝐸𝐸 −  214,81  (58) 
 
- CO: 
 
∆𝐻𝐻𝐶𝐶𝐶𝐶,𝑓𝑓  =  −3 · 10−12𝑇𝑇4  + 10−8𝑇𝑇3 − 3 · 10−5𝑇𝑇2 +  0,019𝑇𝑇 −  114,01 (59) 
 
- CO2 
 
∆𝐻𝐻𝐶𝐶𝐶𝐶2,𝑓𝑓 = −2 · 10−15𝑇𝑇5 + 9 · 10−12𝑇𝑇4 − 10−8𝑇𝑇3 + 10−5𝑇𝑇2 − 0,0034𝑇𝑇 − 393,02 (60) 
 
- CH4 
 
∆𝐻𝐻𝐶𝐶𝐻𝐻4,𝑓𝑓 = −3 · 10−12𝑇𝑇4 + 8 · 10−9𝑇𝑇3 + 10−5𝑇𝑇2 − 0,0413𝑇𝑇 − 63,442 (61) 
 
- H2O 
 
∆𝐻𝐻𝐻𝐻2𝐶𝐶,𝑓𝑓 = 3 · 10−6𝑇𝑇2 − 0,0127𝑇𝑇 − 238,29     (62) 
 
 
 
 
A.2 Equilibrium Constants 
The next figure A1 displays de behaviour of the equilibrium constants 
proposed by Elshishini and Elshanaie, equiations 6, 7, 8. 
 
𝐾𝐾2 = 𝐸𝐸�4400𝑇𝑇 −4,036�     (6) 
𝐾𝐾3 = 𝐸𝐸�−26830𝑇𝑇 +30,114�     (7) 
𝐾𝐾4 = 𝐾𝐾2𝐾𝐾3      (8) 
 - 74 -  
 
                                  Modelling and Simulation of a Microreactor for Ethanol Steam Reforming 
 
Figure A1. Equilibrium constants graphic. 
 
A.3 Chapman-Enskog Equation 
Chapman-Enskog theory presents accurate formulas for multicomponent gas 
mixtures under thermal and chemical equilibrium. They proposed the 
following equation for the diffusivity of a specie A in B 𝐷𝐷𝐴𝐴,𝐵𝐵, equation 63: 
       𝐷𝐷𝐴𝐴,𝐵𝐵 = 0,0018583 · �𝑇𝑇3( 1𝑀𝑀𝐴𝐴 + 1𝑀𝑀𝐵𝐵)𝑝𝑝 𝜎𝜎𝐴𝐴𝐵𝐵2  Ω  
Where 𝑇𝑇 is the temperature, 𝑀𝑀𝐴𝐴 and 𝑀𝑀𝐵𝐵 are the molar mass of the respective 
species, 𝑝𝑝 is the pressure, 𝜎𝜎𝐴𝐴𝐵𝐵 is the collision diameter and Ω is the collision 
integral. 
𝜎𝜎𝐴𝐴𝐵𝐵 can be calculated as: 
𝜎𝜎𝐴𝐴𝐵𝐵 = 𝜎𝜎𝐴𝐴 + 𝜎𝜎𝐵𝐵2  
The values of the species diameters 𝜎𝜎𝐴𝐴 and 𝜎𝜎𝐵𝐵, or Lennard-Jones characteristic 
lengths, can be obtained from tables or appendixes, however they can be 
approximated by different experimental formulas, for this project the 
equation 65 has been used: 
𝜎𝜎𝑖𝑖 = 2,44 · �𝑅𝑅𝑐𝑐,𝑖𝑖𝑃𝑃𝑐𝑐,𝑖𝑖�1/3      (65) 
𝜎𝜎𝑖𝑖 = 1,18 · �𝑉𝑉𝑏𝑏,𝑖𝑖�1/3     (66) 
𝜎𝜎𝑖𝑖 = 0,841 · �𝑉𝑉𝑐𝑐,𝑖𝑖�1/3     (67) 
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Where 𝑇𝑇𝑐𝑐 is the critic temperature, 𝑃𝑃𝑐𝑐 is the critic pressure, 𝑉𝑉𝑏𝑏 is the molecular 
volume at boiling normal point, 𝑉𝑉𝑐𝑐 is the critic molecular volume. 
To calculate the collision integral Ω is approximated with the equation 68: 
Ω = 1,06036(𝑇𝑇∗)0,1561 + 0,193𝐸𝐸0,47635 𝑅𝑅∗  + 1,03587𝐸𝐸1,52996 𝑅𝑅∗  + 1,76476𝐸𝐸3,89411 𝑅𝑅∗   
Where 𝑇𝑇∗ is the dimensionless temperature computed as: 
𝑇𝑇∗ = 𝑅𝑅𝜀𝜀𝐴𝐴𝐵𝐵 
𝐾𝐾�
         (69) 
𝐾𝐾 is the Boltzmann constant and 𝜀𝜀𝐴𝐴𝐵𝐵 is the mixture parameter estimated in 
terms of the Lennard-Jones potential characteristic for species A and B 
according to: 
𝜀𝜀𝐴𝐴𝐵𝐵 
𝐾𝐾� = �𝜀𝜀𝐴𝐴 𝐾𝐾� · 𝜀𝜀𝐵𝐵 𝐾𝐾�     (70) 
And 𝜀𝜀𝐴𝐴 𝐾𝐾�  and 𝜀𝜀𝐵𝐵 𝐾𝐾�  for many species are provided in some books, but I can 
be also estimated by McCabe and Smith equation: 
𝜀𝜀𝑖𝑖 
𝐾𝐾� = 0,77 𝑇𝑇𝑐𝑐,𝑖𝑖     (71) 
For a gas, the diffusion coefficient has a magnitude of 10-5, the figure A2 
shows an example of the diffusion coefficient of one specie in one of the 
simulations. 
 
Figure A2. CH4 in H2O diffusivity along the microreactor at 2bar and 700K. 
(68) 
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A.4 Geometry Modeling Description  
The geometry was created using COMSOL within the next steps: 
1. Create a work plane. 
 
2. Built of a 45º circle shape with 10mm of radius, figure A3: 
 
 
 
Figure A3. Geometry first step. 
 
3. Addition of a 0,9x0,9mm square centred in the (0,0) coordinate, figure 
A4: 
 
 
Figure A4. Addition of the first square. 
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4. Distribution of the other squares with an array, figure A5: 
 
 
Figure A5. Array of squares. 
5. Elimination of the surplus squares, figure A6: 
 
 
Figure A6. Surplus squares eliminated. 
 
6. Elimination of the non-intersecting elements, figure 7: 
 
 
Figure A7. Resulting geometry. 
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7. Addition of the same circle as before, figure A8: 
 
 
Figure A8. Complete work plane. 
8. Extrusion of the work plane, figure A9: 
 
Figure A9. Complete microreactor geometry. 
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9. Extrusion of the circled shape in front of the microreactor inlet: 
 
Figure A10. Complete geometry. 
 
 
A.5 Remaining Simulation Results  
The remaining results have been represented grouped by inlet velocities and 
pressures, then sorted by inlet temperatures. 
 
100mm/s and 1 bar 
 
 
Figure A11 and A12. Fluid flow velocity and pressure along the device at 600K. 
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Figure A13 and A14. Temperature and mass fraction evolution along the device        
         at 600K. 
 Figure A15 and A16. Fluid flow velocity and pressure along the device at 700K. 
 
Figure A17 and A18. Temperature and mass fraction evolution along the device        
         at 700K. 
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Figure A19 and A20. Fluid flow velocity and pressure along the device at 800K. 
Figure A21 and A22. Temperature and mass fraction evolution along the device        
         at 800K. 
100mm/s and 2 bar 
 
Figure A23 and A24. Fluid flow velocity and pressure along the device at 600K. 
 - 82 -  
 
                                  Modelling and Simulation of a Microreactor for Ethanol Steam Reforming 
 
Figure A25 and A26. Temperature and mass fraction evolution along the device        
         at 600K. 
 
Figure A27 and A28. Fluid flow velocity and pressure along the device at 800K. 
 
Figure A29 and A30. Temperature and mass fraction evolution along the device        
         at 800K. 
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100mm/s and 4 bar 
 
Figure A31 and A32. Fluid flow velocity and pressure along the device at 600K.  
 
Figure A33 and A34. Temperature and mass fraction evolution along the device        
         at 600K. 
 
Figure A35 and A36. Fluid flow velocity and pressure along the device at 700K. 
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Figure A37 and A38. Temperature and mass fraction evolution along the device        
         at 700K. 
 
Figure A39 and A40. Fluid flow velocity and pressure along the device at 800K. 
 
Figure A41 and A42. Temperature and mass fraction evolution along the device        
         at 800K. 
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100mm/s and 6 bar 
 
Figure A43 and A44. Fluid flow velocity and pressure along the device at 600K. 
 
Figure A45 and A46. Temperature and mass fraction evolution along the device        
         at 600K. 
 
Figure A47 and A48. Fluid flow velocity and pressure along the device at 700K. 
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Figure A49 and A50. Temperature and mass fraction evolution along the device        
         at 700K. 
 
Figure A51 and A52. Fluid flow velocity and pressure along the device at 800K. 
 
Figure A53 and A54. Temperature and mass fraction evolution along the device        
         at 800K. 
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50mm/s and 1 bar 
 
Figure A55 and A56. Fluid flow velocity and pressure along the device at 600K. 
 
Figure A53 and A54. Temperature and mass fraction evolution along the device        
         at 600K. 
 
Figure A55 and A56. Fluid flow velocity and pressure along the device at 700K. 
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Figure A57 and A58. Temperature and mass fraction evolution along the device        
         at 700K. 
 
Figure A59 and A60. Fluid flow velocity and pressure along the device at 800K. 
 
Figure A61 and A62. Temperature and mass fraction evolution along the device        
         at 800K. 
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50mm/s and 2bar 
 
Figure A63 and A64. Fluid flow velocity and pressure along the device at 600K. 
 
Figure A65 and A66. Temperature and mass fraction evolution along the device        
         at 600K. 
 
Figure A67 and A68. Fluid flow velocity and pressure along the device at 800K. 
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Figure A69 and A70. Temperature and mass fraction evolution along the device        
         at 800K. 
50mm/s and 4bar 
 
Figure A71 and A72. Fluid flow velocity and pressure along the device at 600K. 
 
Figure A73 and A74. Temperature and mass fraction evolution along the device        
         at 600K. 
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Figure A75 and A76. Fluid flow velocity and pressure along the device at 700K. 
 
Figure A77 and A78. Temperature and mass fraction evolution along the device        
         at 700K. 
 
Figure A79 and A80. Fluid flow velocity and pressure along the device at 800K. 
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Figure A81 and A82. Temperature and mass fraction evolution along the device        
         at 800K. 
50mm/s and 6bar 
Figure A83 and A84. Fluid flow velocity and pressure along the device at 600K. 
 
Figure A85 and A86. Temperature and mass fraction evolution along the device        
         at 800K. 
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Figure A87 and A88. Fluid flow velocity and pressure along the device at 700K. 
 
Figure A89 and A91. Temperature and mass fraction evolution along the device        
         at 700K. 
 
Figure A92 and A93. Fluid flow velocity and pressure along the device at 800K. 
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Figure A94 and A95. Temperature and mass fraction evolution along the device        
         at 800K. 
10mm/s and 1bar 
Figure A97 and A98. Fluid flow velocity and pressure along the device at 600K. 
 
Figure A99 and A100. Temperature and mass fraction evolution along the device        
         at 600K. 
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Figure A101 and A102. Fluid flow velocity and pressure along the device at 700K. 
 
Figure A103 and A104. Temperature and mass fraction evolution along the                                                  
                                 device at 700K. 
 
Figure A105 and A106. Fluid flow velocity and pressure along the device at 800K. 
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Figure A107 and A108. Temperature and mass fraction evolution along the                                                  
                                 device at 800K. 
10mm/s and 2bar 
Figure A109 and A110. Fluid flow velocity and pressure along the device at 600K. 
 
Figure A111 and A112. Temperature and mass fraction evolution along the                                                  
                                 device at 600K. 
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Figure A113 and A114. Fluid flow velocity and pressure along the device at 800K. 
 
Figure A115 and A116. Temperature and mass fraction evolution along the                                                  
                                 device at 800K. 
10mm/s and 4bar 
Figure A117 and A118. Fluid flow velocity and pressure along the device at 600K. 
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Figure A119 and A120. Temperature and mass fraction evolution along the                                                  
                                 device at 600K. 
Figure A121 and A122. Fluid flow velocity and pressure along the device at 700K. 
 
Figure A123 and A124. Temperature and mass fraction evolution along the                                                  
                                 device at 700K. 
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Figure A125 and A126. Fluid flow velocity and pressure along the device at 800K. 
 
Figure A127 and A128. Temperature and mass fraction evolution along the                                                  
                                 device at 800K. 
10mm/s and 6bar 
 
Figure A129 and A130. Fluid flow velocity and pressure along the device at 600K. 
 
 - 100 -  
 
                                  Modelling and Simulation of a Microreactor for Ethanol Steam Reforming 
 
Figure A131 and A132. Temperature and mass fraction evolution along the                                                  
                                 device at 600K. 
 
Figure A133 and A134. Fluid flow velocity and pressure along the device at 700K. 
 
Figure A135 and A136. Temperature and mass fraction evolution along the                                                  
                                 device at 700K. 
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Figure A137 and A138. Fluid flow velocity and pressure along the device at 800K. 
 
Figure A139 and A140. Temperature and mass fraction evolution along the                                                  
                                 device at 800K. 
5mm/s and 1bar 
 
Figure A141 and A142. Fluid flow velocity and pressure along the device at 600K. 
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Figure A143 and A144. Temperature and mass fraction evolution along the                                                  
                                 device at 600K. 
 
Figure A145 and A146. Fluid flow velocity and pressure along the device at 700K. 
 
Figure A147 and A148. Temperature and mass fraction evolution along the                                                  
                                 device at 700K. 
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Figure A149 and A150. Fluid flow velocity and pressure along the device at 800K. 
 
Figure A151 and A152. Temperature and mass fraction evolution along the                                                  
                                 device at 800K. 
5mm/s and 2bar 
 
Figure A153 and A154. Fluid flow velocity and pressure along the device at 600K. 
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Figure A155 and A156. Temperature and mass fraction evolution along the                                                  
              device at 600K. 
 
Figure A157 and A158. Fluid flow velocity and pressure along the device at 800K. 
 
Figure A159 and A160. Temperature and mass fraction evolution along the                                                  
              device at 800K. 
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5mm/s and 4bar 
 
Figure A161 and A162. Fluid flow velocity and pressure along the device at 600K. 
 
Figure A163 and A164. Temperature and mass fraction evolution along the                                                  
              device at 600K. 
 
Figure A165 and A166. Fluid flow velocity and pressure along the device at 700K. 
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Figure A167 and A168. Temperature and mass fraction evolution along the                                                  
                                  device at 700K. 
 
Figure A169 and A170. Fluid flow velocity and pressure along the device at 800K. 
 
Figure A171 and A172. Temperature and mass fraction evolution along the                                                  
                                  device at 800K. 
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5mm/s and 6bar 
 
Figure A173 and A174. Fluid flow velocity and pressure along the device at 600K. 
 
Figure A175 and A176. Temperature and mass fraction evolution along the                                                  
                                  device at 600K. 
 
Figure A177 and A178. Fluid flow velocity and pressure along the device at 700K. 
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Figure A179 and A180. Temperature and mass fraction evolution along the                                                  
                                  device at 700K. 
1mm/s and 1bar 
 
Figure A181 and A182. Fluid flow velocity and pressure along the device at 600K. 
 
Figure A183 and A184. Temperature and mass fraction evolution along the                                                  
                                  device at 600K. 
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Figure A185 and A186. Fluid flow velocity and pressure along the device at 700K. 
 
Figure A187 and A188. Temperature and mass fraction evolution along the                                                  
                                  device at 700K. 
 
Figure A189 and A190. Fluid flow velocity and pressure along the device at 800K. 
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Figure A191 and A192. Temperature and mass fraction evolution along the                                                  
                                  device at 800K. 
1mm/s and 2bar 
 
Figure A193 and A194. Fluid flow velocity and pressure along the device at 600K. 
 
Figure A195 and A196. Temperature and mass fraction evolution along the                                                  
                                  device at 600K. 
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Figure A197 and A198. Fluid flow velocity and pressure along the device at 800K. 
 
Figure A199 and A200. Temperature and mass fraction evolution along the                                                  
                                  device at 800K. 
1mm/s and 4bar 
 
Figure A201 and A202. Fluid flow velocity and pressure along the device at 600K. 
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Figure A203 and A204. Temperature and mass fraction evolution along the                                                  
                                  device at 600K. 
Figure A205 and A206. Fluid flow velocity and pressure along the device at 700K. 
 
 
Figure A207 and A208. Temperature and mass fraction evolution along the                                                  
                                  device at 700K. 
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1mm/s and 6bar 
Figure A209 and A210. Fluid flow velocity and pressure along the device at 600K. 
 
Figure A211 and A212. Temperature and mass fraction evolution along the                                                  
                                  
device at 600K. 
 
Figure A213 and A214. Fluid flow velocity and pressure along the device at 700K. 
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Figure A215 and A216. Temperature and mass fraction evolution along the                                                  
                                  device at 700K. 
 
Species Outlet Molar Flow rates 
- Ethanol 
 
 
Figure A217. Ethanol outlet molar flow rate at 100mm/s inlet velocity. 
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Figure A218. Ethanol outlet molar flow rate at 50mm/s inlet velocity. 
 
 
Figure A219. Ethanol outlet molar flow rate at 10mm/s inlet velocity. 
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Figure A220. Ethanol outlet molar flow rate at 5mm/s inlet velocity. 
 
 
Figure A221. Ethanol outlet molar flow rate at 1mm/s inlet velocity. 
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- Methane 
 
 
 
Figure A222. Methane outlet molar flow rate at 100mm/s inlet velocity. 
 
 
Figure A223. Methane outlet molar flow rate at 50mm/s inlet velocity. 
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Figure A224. Methane outlet molar flow rate at 10mm/s inlet velocity. 
 
 
Figure A225. Methane outlet molar flow rate at 5mm/s inlet velocity. 
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Figure A226. Methane outlet molar flow rate at 1mm/s inlet velocity. 
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Figure A227. Carbon monoxide outlet molar flow rate at 100mm/s inlet 
velocity. 
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Figure A228. Carbon monoxide outlet molar flow rate at 50mm/s inlet 
velocity. 
 
Figure A229. Carbon monoxide outlet molar flow rate at 10mm/s inlet 
velocity. 
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Figure A230. Carbon monoxide outlet molar flow rate at 5mm/s inlet velocity. 
 
 
Figure A231. Carbon monoxide outlet molar flow rate at 1mm/s inlet velocity. 
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Figure A232. Carbon dioxide outlet molar flow rate at 100mm/s inlet velocity. 
 
 
Figure A233. Carbon dioxide outlet molar flow rate at 50mm/s inlet velocity. 
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Figure A234. Carbon dioxide outlet molar flow rate at 10mm/s inlet velocity. 
 
 
Figure A235. Carbon dioxide outlet molar flow rate at 5mm/s inlet velocity. 
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Figure A236. Carbon dioxide outlet molar flow rate at 1mm/s inlet velocity. 
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Figure A237. Hydrogen outlet molar flow rate at 100mm/s inlet velocity. 
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Figure A238. Hydrogen outlet molar flow rate at 50mm/s inlet velocity. 
 
 
Figure A239. Hydrogen outlet molar flow rate at 10mm/s inlet velocity. 
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Figure A240. Hydrogen outlet molar flow rate at 5mm/s inlet velocity. 
 
 
Figure A241. Hydrogen outlet molar flow rate at 1mm/s inlet velocity. 
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